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THEORETICAL  AND  EXPERIMENTAL  STUDIES  OF  THE 
SHAPED-CHARGE  PHENOMENON* 

Introduction 

Mining  engineers  knew,  in  the  l800’s,that  the  force  of  an 
explosive  charge  blast  can  be  concentrated  on  a small  area  if  the 
charge  is  arranged  so  that  there  is  a cavity  (cumulative  cavity) 
in  the  charge  opposite  this  area.  The  first  mention  of  the  effect 
of  explosive  charges  with  such  a cavity  appeared  at  the  end  of  the 
l8~  century. 


In  the  first  years  of  the  Second  World  War,  there  appeared 
nearly  simultaneously  In  the  armament  of  all  the  main  combatant 
countries  a large  number  of  new  weapons  whose  operation  was  based 
on  considerably  modified  use  of  the  shaped-charge  phenomenon.  It 
was  found  that,  when  the  shaped  cavity  of  the  explosive  charge  is 
lined  with  a thin  metal  cone,  it  is  possible  to  penetrate  armor 
plate,  concrete  walls,  and  other  defensive  structures  with  very 
small  explosive  weight.  Quite  frequently,  the  new  explosive  charge 
had  the  form  of  conventional  artillery  shells  with  metal  lined  nose 
cavity.  The  advantage  of  such  explosive  charges  over  conventional 
artillery  shells  was  that  their  penetrating  power  was  practically 
independent  of  flight  velocity.  When  penetrating  armor  plate,  the 

•Survey  is  based  on  six  articles  published  during  1948  to 
1952  in  Journal  of  Applied  Physics,  Vol.  19,  No.  6,  1948,  pp. 

563  - 582;  Vol.  20,  No.  4,  1949,  PP-  363  - 370;  Vol.  21,  No.  2, 
1950,  pp.  73  - 74;  Vol.  22,  No.  4,  1951,  PP-  487  - 493;  Vol. 

23,  No.  5,  1952,  pp.  532  - 542. 
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Conical  steel  liner 


Explosive  Ogive 

figure  . Cross  section  of  head  c.f  U.S.A.  bazooka  showing  conical 
. We liner  of  s ha  pea  explosive  charge. 

ct  sift:  detonation  of  such  explosive  charges  was  at  least  as 
• *Y-.*:.t::-v«  as  the  detonation  of  the  explosive  charge  of.  artillery 
mills  which  exploded  on  cent act  with  the  target. 

• * 

Vh Is  situation  forced  changes  in  projectile  fabrication 
techniques,  depending,  or.  the  targets  for  which  they  were  intended, 
turing  the  war  years,  the  armed  forces  of  the  U.S.A.  and  Germany 
t::cd  several  types  of  shaped-charge  projectiles  which  were  very 
effective  in  combatting  tanks,  in  spite  of  the  fact  that  their 
Plight  velocity  was  much  lower  than  that  of  the  conventional  anti- 
tr,  ik  artillery  projectiles.  The  American  bazooka  was  used  by 
irh'i  ■idual  infantrymen.  The  cross  section  of  the  head  of  this 
weapon  is  shown  in-  Figure  3.  The  missile ' explodes  upon  impact  of 
the  ogival  nose  on  the  tank'.  As  a result  of  detonation  of  the 
explosive  charge,  the  steel  conical  liner  collapses  and  becomes  a 
high- velocity  jet  which  perforates  the  armor  plate  and  sets  fire  to 
the  ammunition,  gasoline,  and  oil  Inside  the  tank.  The  German 
.r-..y  also  had  a missile  with  shaped  explosive  charge  which  was 
used  by  the  infantry  against  tanks  (Faustpatron) . 

The  operating  principle  and  configuration  of  all  these  weapons 
werh  described  briefly  in  1945  in  [21].  They  made  it  possible  for 
"•’  ■ infantry  to  combat  the  largest  tanks.  The  Germans  also  used 
.weapons .with-  shaped  explosive  charges  and  a permanent  magnet  used 
to  'bold,  the  charge  against  the  tank  until  the  time  fuse  detonated 
ic.  Characteristically,  the  Japanese  army  used  a shaped  charge, 
weapon  fastened  to  the  end  of  a long  wooden  pole.  The  Japanese 
soldier  charged  from  ambush  with  this  weapon  and  jammed  it  against 
the  tank. 
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Pentolite 


Steel  liner 


Booster 


Figure  2.  Typical  shaped  charge 
with  conical  steel  liner  used  in  Figure  2 shows  a 
static  experiments. 

Explosive  is  pentolite  (weight 
115  gj  maximum  diameter  41.3 
mm,  steel  liner  thickness  0.6 
mm) . 


Since  the  penetrating  ability 
of  these  weapons  is  independent 
cf  flight  velocity,  a large  number 
of  experimental  studies  have  been 
made  under  static  conditions. 

ypical  weapon 

with  shaped  explosive  charge  used  . 

* 

in  the  experiments.  The  conical 
cavity  of  this  charge  has  a steel 
liner.  When  the  detonator  is 


exploded,  a detonation  wave  develops  and  travels  along  the  axis  of 
the  charge  and  collapses  the  steel  liner  cone,  starting  from  its 
apex.  From  the  collapsing  cone,  there  is  formed  a long  thin  steel 
jet  which  travels  to  the  right  along  the  extension  of  the  cone  axis 
with  a velocity  of  about  9 km/sec.*  The  high  velocity  jet  penetrates 
the  armor  plate  in  much  the  same  way  as  a powerful  stream  of  water 
from  a fire  hose  forces  its  way  through  a mass  of  soft  mud.**  The 
pressures  produced  by  the  jet  traveling  at  this  .high  velocity  are  so 
much  greater  than  the  ultimate  strength  of  the  armor  plate  that  the 
hardness  of  the  latter  plays  a negligible  role  in  retarding  jet 
penetration  through  the  plate.  In  fact,  mild  steel  provides  nearly 
as  much  protection  against  these  weapons  as  does  hard  armor  steel. 


The  shaped  explosive  charge  principle  may  also  find,  application 
in  peaceful  pursuits.  Of  the  many  suggestions  which  have  been 
advanced,  only  a few  have  proved  to  be  practically  feasible,  since 
the  same  results  can  be  achieved  Just  as  well  or  better  in  other 

ways . 


•Conventional  rifle  bullets  have  muzzle  velocities  of  about 
600  — 900  m/sec;  in  the  case  of  special  artillery  projectiles,  the 
velocity  may  approach  1.5  km/sec. 

••Profound  analogies  cannot  be  drawn  between  these  phenomena. 
While  the  water  stream  washes  away  the  mud,  the  metal  jet  does  not 
wash  away  or  erode  the  target  metal.  Careful  weighing  shows  that 
tt\e  metal  jet  is  captured  by  the  target  material,  while  the  target 
essentially  loses  no  weight  (except  for  a very  small  amount  at  the 
front  surface).  The  hole  is  formed  as  a result  of  radial  plastic 
flow  of  the  target  material. 
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•«  Shaped  explosive-  charges  have  often  been  used.  In  sense. !.  i *.  I on  work 
for*  rapid  boring  of  holes  in  rock  formations.  After  a hole  has  been 
blown  with  the  shaped  charge,  the  cavity  com  oe  refilled  wH n exclu- 
sive for  further  blasting.  This  blasting  technique  is  quick  and 


easy,  but  because  of  the  high  cost  of  the  explosive  used  in  shaped 
charges,  it  can  seldom  be  Justified.  The  explosives  which  are  used 
in  military  operations  are  needed  to  obtain  satisfactory  shaped 
charge  performance,  since  the  performance  of  the  cheaper  explosives 
which  create  low  blasting  pressures  is  definitely  inferior. 


Charge 
cables,  brl 
shaped  char 


s with  lined  wedge-shaped  cavities  are  used  for  eutti 

* - 

age  beams , and  salvage  work  on  sunken  ships.  Long  ' 
ges  with  long  cavities  with  metal  wedge-shaped  liners 


can  be  used 
less  danger 
. :-r  tears  the 


for  cutting  large  steel  plates  of  sunken  ships  with 
to  the  workmen  than  when  using  oxygen  torches.  This 
most  practical  of  the  shaped  charge  applications. 


A patent  has  been  1*0 cued  if)  the  U.S.A.  for  application  of  a 
group  of  shaped  charges  to  increase  oil  well  production  under  cer- 
tain conditions  f 2fi ] . • The  charges  are  lowered  into  the  well  and 
fired  r>n  as  to  form  radial  holes  in  the  casing  tubes  and  in  the 
surrounding  reck  to  increase  oil  seepage  into  the  well.  This 
method  appears,  to  be.  superior  to  the  method  of  cracking  the  sur- 
rounding reck  with  ordinary  explosive  charges. 


Shaped  charges  can  be  used  to  break  up  large  rock 
better  for  this  purpose  than  other  charges.  However 
have  shown  that  the  effectiveness  of  breakup  of  Ta-rge- 
only  slightly  when  a given  weight  of  explosive  is  form 


s,  They  are 
recent  tests 
rocks  increases 
ed  into  a 


shaped  charge. 


The  shaped  charge  principle  can  be  used  to  investigate  the 
properties  of  various  materials  subjected  to  high  pressures.  Under 
favorable  conditions,  such  charges  produce  short-term  dynamic 
pressures  concentrated  on  a small  area  which  are  higher  than  a 


quarter  of  a million  atmospheres.*  By  varying  the  explosive  type, 
cavity  shape,  and  liner  material,  we  can  obtain  a '‘’graded” 
sequence  of  ultrahigh  dynamic  pressures.  The  '.study-  of.-  phenomena 
at  these  high  pressures  is,  of '\eour.se,  associated  with  severe 

_ i . 

difficulties.  Nevertheless,  preliminary  experiments  have  shown 
the  possibility  of  creating  special  charges  for  determining  the 
ultimate  stresses  in  materials  at  very  high  strain  rates.  The 
data  which  will  he  obtained  will  permit  some  clarification  of  the 
question  of  the  propagation  rate  of  dislocations  in  metallic  crys- 
tals and  microcracks  in  glass.  There  are  at  least  three  types  of 
experiments  for  determining  the  ultimate  shear  stresses, so  that  the- 
re suits  of  one  type  of  experiment  can  be  used  to  check  the  results 
cf  another.  In  experiments  of  the  first  type,  we  measure. the 
volume  and  contour  of  the  cavity  formed  in  the  target  during 

explosion  of  the  same  standard  charges.  In  the  experiments  of  the 

/ / 

second  type,  we  measure  the  depth  of  the  residual  penetration  of 
the  jet  discharged  by  the  standard  charge  into  the  material  of  a 
standard  target  such  as  mild  steel  after  it  has  perforated  a given 
thickness  of  the  test  material.  In  the  experiments  of  the  third 
type,  we  measure  the  velocity  of  perforation  of  the  jet  through  the 
target  material.  Difficulties  are  encountered  when  interpreting 
the  results  of  these  three  types  of  experiments  which  it  is  hoped 
can  be  eliminated  when  the  phenomena  discovered  have  been  studied 
more  thoroughly . 

The  hollow  charge  linings  can  be  made  from  various  materials 
and  can  have  various  geometric  shapes.  Many  different  forms  of 
liners  are  used  In  combat  weapons.  Charges  using  hemispherical, 
paraboloidal,  pear-shaped,  and  trumpet -shaped  liners  have  been 
tested.  Although  differences  in  the  performance  of  weapons  with 
the  different  liner  shapes  were  observed,  none  of  them  had  any 
remarkable  advantage  in  comparison  with  the  others.  Hollow  charges 
Improvised  from  headlamps  taken  from  disabled  cars  have  sometimes 
been  used  in  military  operations;  the  plastic  explosive  was  placed  • 
behind  the  headlamp  reflector. 

•Bridgman  measured  static  pressures  on  the  order  of  100,000  atm 
concentrated  on  an  area  21  x 2 mm  and  obtained  an  estimated  pressure 
of  400,000  atm,  but  was  not  able  to  make  observations  at  this  high 

pressure. 
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Shaped  charges  with  conical  cavity  and  liner  Intended  for 
penetrating  massive  targets  and  explosive  charges  with -wedge- 
si'  nped  cavi  ties  and  liners  intended  for  cutti  ng  metal  are  enco  uttered 
more  frequently  and  have  been  studied  most  thoroughly . hacr.  of  these 
Liner  shapes  is  very  effective  in  special  purpose  -appUc.it Jens.  in. 
•..;Le  following,  we  shall  ‘investigate  explosive  charges  with  cavity 
and  liners  of,,  these  two  types  only.  Since  most  of  t he  re  5. 1 at  h •• 
data  ha  .0  oeen.  obtained  for  charges  with  conical  cavil;,  rr.o  i ‘ ner 
i-Unilar*  to  that  shown  in  Figure  2,  the  conclusions  presented  below 
afply  In  most  cases  only  to  such  charges. 


The  .let  formation  mechanism  was  revealed  using  the  flasl 
• radio graph  method,  which  permits  observing  the  charge  during 
coiiapse.  Referring  to  Figure  2.  the  detonator  explosion  sf* 


detonation  wave 


.ye’i  irg.  along  the.  axis  of  the  charge-  When 


the  wave  roaches  the  apex  of  the  thin  steel  cone,  it  sudeeniy 
produces  a very  high  pressure  or.  the  outside . of  the  c;oric  vv.ii  c!». 
'.‘tusfS  collapse  of  the  cone  walls.  The  forces  which  arise  a if.  so 
groat  that  strength  of  the  steel  has  practical ly  no  influence  on 
the  phenomenon  and  the  steel  can  be*  considered  an  ideal  fluid.  ■ 

Ihe  or.plc  u vc-  pressure  on  the  outside  .-.a uses  .the  thin  walls  of.  the 
•ccne  to  travel  Inward  nearly  perpendicular  to  the  liner  surfaces 
with  Mgh  velocity.  The  moving  steel  liner  retains  .a  -coni  col.  shape 
with  the  apex  moving  along  the  axid  to  the  right.  To  the  left 
•.ehin-i  the  moving  apex,  the  cone  is  completely  col  lapsed;'  the  metal 
theta  previously  belonged  only  to  the  outer  part  of  the  liner  1 A 
formte  f rom  the  inner  part  oi’  the  cone  and  is  squeeped; out 
the  inner  apex  of  the  lining  and  travels  at  hi  go  velocity  along 
r .?  axis  (to  the  right,  in  Figure  2).  In  other  words,  the  metal  of 
the  conical  liner  is  divided  into  two  parts  by  a cone  lying  . some- 
where between  the  inner  and  outer  surfaces.  The  metal  of  the  outer, 
tone  is  deformed  into  a slug  which  travels  to  the  right  (see  Figure 
2)  it  relatively  slow  speed  (bOO  — 1000  m/sec ) . The  metal  of  the 


J :n  * 


ru.fr  cone -.forms  a jet  traveling  along  the  axis  to  the  right  at  very 
high  speed  (2000  — 10, C00  m/sec).  It  is  this  jet  which  penetrates 
deeply  into  the  target  and  produces  the  damage-  shown  in  Figures 
3 — 6.  It  was  originally  thought  that  the  major  part,  of  the  damage 
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Figure  3-  Photograph  of.  solid 
steel  cylinder  (diameter  82.5  nun, 
length  1 7 B ir.m)  section. 

Charge  cross  section  in  position 
prior  to  'detonatio:.  shown  above. 

Charge  contained  113.5  g of 
pentolite;  conical  cavity  was 
lined  by  steel  e.o'nv  0.6  mm 
thick  (base  diameter  4 i . 5 mn). 

was  produced  by  the  slug,  but  high  speed  movies  make  it  possible  to 
clarify  the  true  nature  of  the  phenomenon.  This  was  later  con- 
firmed by  the  fact  that  experiments  showed  'that,  tile  'slug  often 
lodges  in  the  middle  of  the  hole  made  in  the  thick  .'steel  plate  by 
the  Jet.  Come  cases  of  destruction  by  shaped,  charges  are  shown  in 
Figures  3 — 6. 

Figure  is  a photograph  of  the  meridional  section  o’’  ~ solid 
steel  cylinder  damaged  by  an  explosive  charge  like  that  shown  in 
Figure  2.  The  shaped  charge  used  to  produce  the  damage  is  shown  at 
the  top  in  Figure  3 in  the  position  prior  tc  detonation. 

Figure  4 is  a photograph  of  a solid  lead  cylinder  which  has 
been  damaged  in  the  same  way  as  the  steel  cylinder  shown  in  Figure 
3.  The  hole  in  the  lead  is  broader  and  deeper,  since  the  strength 
of  lead  is  lower  and  the  plastic  deformations  arc  larger. 


•Figure  •’*.  ;;•■-•  egruph  of  soli 

lead  cyii:!  :er  (diameter  107 
cun',  'length  let;  svn)  which  was 
treated-  the  -name  .as  the  steel 
cylinder  ir  Figure  i. 

The  steel  slue  formed'  from  th 
conical  1 Trier  c,.n  be  seen 
embedded  In  the  lead  about 
127  nun  from  the  .'base  of  the 
cylinder. 


UA  IOO- 


'Photograph  of 


1 -.ininatod  cylinder  treated 
similar-  to  the  cylinders  in 
• igures  3 and  4. 


Figure  6.  Photograph1  of  lead 
disc  (diameter  203  mm,  thick- 
ness 51  mm)  located  457  mm 
from  charge  similar  to  that 
shown  ir.  Figure  3- 

After  explosion  of  the  charge, 
the  jet  made  the  through  hole 
and  the  slug  embedded  at  the 
top.  Evidently,  the  slug  and 
jet  often  do  not  travel  in 
the  same  direction. 


Figure  5 is  a photograph  of 


•uper  layer  is  steel,  next. is 
•.ad  third  is  steel,  and  so  on. 
original  layer  diameter  dimen- 
sion was.  10?  x 102  x 12.5  mm. 

..a  see  clearly  in  the  photograph  the  section  of  a laminated  cylinder 

that  the  various  target  elements  „ , . . , . , 

1 consisting  of  alternating  steel 

.•etam  the  radial  momentum  coin-  . 

pvnent  for  a short  time  after  and  lead  plates,  which  shows  the 

:.hff  j.,t  passes  through  them.  effect  on  sucl)  a cyj,nder  of  the 

shaped  charge  'shown  in  Figure  2.  Figure  5 shows  the  charge. in  the 
position  prior  to  detonation.  This  picture  provides  a striking 
demonstration  of  the  fact  that  the  radial  plastic  flow  produced  by 
the  let  is  arrested  .'tore  rapidly  in  materials  with  high  yield 
strength  (steal,  for  example)  than  in  materials  with  low  yield 
strength,  (lead,  for  example).  The  diameter  of  the  jen. which  made 
these  holes  was  not  over  2 mm,  as  shown  by.  the  flash  racicgraphs. 


-r>, 


iiameter  of  each  of  the  holes  formed  is  coiisidcrabiy  greater  than 
et  diameter,  even  in  the  steel  plates. 


Before  obtaining  radiographic  data  on  the  jet  dimensions,  some 
erecting  experiments  were  conducted  which  showed  quite  eonelu- 
. JtL y that  the  jot  dimensions  must  be  much  smaller  thar.  the  holes 
created  by  the  jet.  In  these  experiments,  the  jet  from  a shaped 
charge  prior  to  reaching  the  target  passed  through  a hole  in  a 
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steel  plate.  Although  the  diameter 
of  the  cavity  formed  by  the  Jet  in 
the  steel  target  was  nearly  25  mm, 
the  diameter  of  use  hole  through 
whii-h  the  jet  passed  prior  to 
striking  the  target  could  be 
reduced  to  6.U  ran  without  altering 
the  destructive  effect.  It  Is 
suspected  that  the  jet  diameter 
was  considerably  less  than  6.*<  ran, 
since  it  is  known  that  the  je-t 

Figure  7.  Photograph  of. section  osclllat6s  S0!”eMhat  »ni  this 
of  steel  cylinder  similar  to  increases  its  apparent  diameter, 
that  shown  in  Figure  3>  fractured 
by  charge  without  steel  liner. 

This  charge  was  exploded  in  Flgure  6 shows  a Picture  of 

direct  contact  with  the  cylinder, a ‘lead  disc  (5.8  nun  thick  and  305 

since  such  a charge  produces  the  „ .,aitiafavii  , 

deepest  holes  at  Sero  standoff,  “"diameter)  in  which  the  large 

in  contrast  with  the  lined  hole  was  formed  by  the  shaped-charge 


in  contrast  with  the  lined 

^e^esfiaLlfana^r  j6t  «**  *““-  ^ough  «.  The 

standoff.  slug,  traveling  much  slower  than 

the  jet,  lodged  in  the  disc.  The 
disc  was  located  l»5  cm  from  the  charge  and  this  explains  the  large 
distance  between  the  holes  made  by  the  jet  and  the  slug;  because  of 
charge  asymmetry,,  the  Jet  and  slug  often  travel  along  somewhat 
different  paths. 


Figure  7 shows,  for  comparison,  a photograph  of  a steel  cylinder 
damaged  by  a charge  without  metal  liner  placed  on  its  surface. 

While  lined  cavity  charges  produce  deeper  penetration  when  they 
are  placed  a short  distance  from  the  target,  unlined  charges  produce 
the  deepest  penetration  when  they  are  in  direct  contact  with  the 
target. 

Figure  8 shows  the  effect  produced  by  a conventional  charge 
without  a cavity.  This  charge  obviously  contained  more  explosive 
than  the  shaped  charge,  since  it  had  the  same  dimensions,  but  no 
cavity. 


figure  .8-.  Photograph  of 
feet ion  of  steel  cylinder 
:.amilar-  to  that  ; shown  in 
Figure  3- after  explosion  of 
solid  charge. 


In  order  to  better  understand 
the  process  of  cavity  liner  col- 
lapse. and  -jet  formation,  flash 
radiography  pictures  .were  first 
taken  of  charges  of  relatively 
small  size  with  45°  conical  cavity 
and  steel  liner. 


Figure  9.  Photographs  of 
hollow  charges  with  metal 
liner. 

a-  prior  to  detonation: 
explosive  charge  is  cast 
around  a steel  liner  about  . 
0.05  mm  thick  with  apex  angle 
.45°,  charge  diameter  is  the 
same  as  that  of  the  base  of 
the  cone  minus  the  flange 
area;  b-  approximately  at 
the  instant,  when  the  blast 
wave  reached  the  apex  of 
the  conical  shell , i . e . , when 
detonation  of  the  final  charge 
elements  began,  the  metal  jet 
is  seen  inside  the  cone;  c- 
4.3  microseconds  after  the 
blast  wave  reached  the  base 
of  the  cone : -d-.22.5- micro- 
seconds after  era  blast  wave 
reached  the  base  of  the  conical 
liner.  The  undisturbed  liner 
flange,  metal,  .f  t,  and  the 
slug  are  vlsio- ■ 


Figure  9a  shows  a picture  of 
.one  of  the  charges  prior  to  deton- 
ation and  Figure  9b  shows  the  charge 

at.  -..he  Instant  the  detonation  wave  has  just  reached  the  flange,  of 
t!u:.  45°  conical  steel  liner.  We  see  clearly  the  collapse  of  the 
finer  and  its  travel  toward  the  axis  of  the  charge.  In  this  picture, 
we  also  see  the  first  stage  of  jet  formation  at  the  axis  of-  the 
charge,  since  part  of  the  collapsing  liner- has  already  reached  the 
axis.  Figure  9c  shows  a later  stage  of  liner  collapse,  a few 
mi cro seconds  after  the  explosive  has  detonated.  Figure  9d  shows  a 
picture  taken  about  22  microseconds  after  all  the  explosive  has 
decorated;  we  see  the  resulting  metal  jet  formed  from  charges  of 
this  type.  - 
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Figure  10.  Hollow  charge  with 
wedge-shaped  liner  fired  by 
electric  detonator. 

The  phenomena  described  above 
can  be  easily  understood  if  we 
apply  some  very  simple  theoretical 
be  presented. 

Theory  of  Jet  Formation  in  Charges 
Liners 


Figure  11.  Collapse  of  hollow 
wedge-shaped  charge.  Detona- 
tion wave  from  primary  and 


secondary  detonators  has 
passed  through  a large  part 
of  the  liner  and  collapsed  it. 


considerations,  which  will  now 


with  Conical  and  Wedge-Shaped 


An  elementary  mathematical  explanation  of  jet  formation  from 
conical  and  wedge-shaped  liners  can  be  given.  Figure  10  shows  the 
charge  cross  section;  the  conical  charge  is  obtained  by  rotating 
this  section  about  the  axis  of  symmetry,  the  wedge-shaped  charge 
is  obtained  by  parallel  movement  of  this  section  perpendicular  to 
the  axis  of  symmetry.  We  shall  first  examine  the  wedge-shaped 
charge  case.  The  wedge  collapse  process  is  shown  in  Figure  11. 

The  detonation  wave  propagating  to  the  right  from  the  booster 
detonator  collapses  the  liner.  The  wave  creates  pressures  so  great 
that  the  strength  of  the  liner  material  can  be  neglected  and  we  can 
consider  it  an  ideal  fluid.  We  assume  that , after  the  liner  walls 
have  received  the  initial  impulse  from  the  detonation  wave,  the 
pressures  on  all  sides  of  the  walls  quickly  equalize  and  the  walls 
continue  to  collapse  inward  with  no  appreciable  change  of  velocity.* 
Because  of  the  fact  that  finite  time  is  required  for  detonation  wave 
passage  from  the  apex  to  the  base  of  the  liner,  the  angle  2B  between 
the  moving  walls  will  be  greater  than  the  angle  between  the  walls 
of  the  original  liner. 

•This  assumption  is  later  replaced  in  view  of  its  inadequacy 
in  explaining  the  formation  of  the  entire  jet. 


• . '3 ewe  ,i::.  ihermati’on  of  jet 
and  slut;  from  conical  or  wedge- 
shaped  liners  whose  sides  col- 
lapse with  constant  velocity  V0 
from  explosion  of  a charge  which 
i::  ■ In  contact  with  the  outer 
.surface,  of  the  target  . Solid 
.lines  show  liner  position  at 
.infant  o’f  time  close  to  begin- 
ring  of  collapse,  dashed  lines 
show  position  of  liner  walls 
■after  they  have  traveled  a 
distance  equal  to  V0. 


The  effect 


of  the  oetonation 


Figure  13- 
process. 


Geometry  of  collapse 


OPP'  is  generator  of  original 

cone  or  wedge;  AP  is  collapsing 

generator,  traveling  with  the 

velocity  Vo  whose  direction 

bisects  the  angle  APPV.  The 

detonation  wave  (velocity  U V 

a 

moves  from  P to  PV  in  unit  time; 
after  this  same  time.  ?’ 5 becomes 
the  collapsing  shell;  A travels 
to  B at  the  velocity 


St  -r*  . s i r.  c e wr-  . 


pressure,  acting  over  very  short 

distances, ..  is  to  give  the  liner  the  velocity  V0,  whose  direction 
bisects  the  angle  between  the  perpendicular  to  the  original  liner 
surface  arid  the  perpendicular  to  the  collapsing  liner  surface.* 


The  walls  of  the  collapsing  liner  are  two  planes  moving-'  inward 
Vs  • shown  in  Figure  1?.  We  see  from  Figure  13  that  the  junction 
formed  from  the  liner  material  near  A moves  to-  3 with  the  velocity 

*fo  show  that  the  vector  V0  bisects  the  angle  AP?*'  (see  Figure 
1 ; } ,•  vc  consider,  a coordinate  system  whose  origin  travels  in  unit 
f to  the  distance  PP’  with  constant  velocity.  In  this  coordinate 
n,  a steady-state  regime  exists  near  the  coordinate  origin.  In 
of  the  fact  that  the  liner  flowing. along  ?fP  is  forced  to 
and  flow  along  PA.  This  curvature  takes  place  because  of 
ctidn.on  the  liner  of  the  detonation  wave  pressure,  which  is 
od  at  the  same  place  all  the  time.  The  liner  velocity  changes 
i.rection  upon  passing  through  the  coordinate  origin  but  does 
hange  its  magnitude,  since  the  pressure  forces  are  at  all  times 
ndicular  to  the  direction  of  motion.:  Let  P'P  and  P’B  (parallel 
) be  the  liner  velocities  in  the  moving  system,  respectively. 
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Figure  14.  Formation  of  jet 
and  slug  from  conical  or  wedge- 
shaped  liner  shown  in  Figure  11 
from  viewpoint  of  observer 
traveling  with  the  junction  A. 


For  an  observer  moving  with  this 
junction,  any  point  ? of  the  upper 
plane  travels  with  a velocity  equal 
to  the  vector  difference*  between 
the  velocity  of  the  walls  and  the 
velocity  of  the  junction.  The 
observer  sees  the  point  P approach- 
ing him  with  the  velocity 


i"  • 


•Tf r 

Furthermore,  as  shown  in  Figure  14,  he  will  see  the  jet  moving  off 
to  the  right  and  the  slug  moving  to  the  left . 

We  now  come  to  the  crucial  point  of  our  discussion.  As  viewed 
by  the  observer,  the  entire  process  is  steady-state  arid  we  can  use 
the  Bernoulli  integral 


(!) 


If  the  liner  material  can  be  considered  incompressible,  i.e.,  p = p„> 
we  obtain 


( 1 ’ ) 


prior  to  and  after  passing  through  the  coordinate  origin.  They  are 
equal  in.  magnitude.  Since  the  velocity  of  the  moving  system  is 
represented  by  the  vector  P*P,  the  velocity  of  the  collapsing  liner- 
in  the  stationary  system  is  equal  to  the  vector  ?P*  + P’B  = . PP,  = V0  . 
Since  the  triangle  3PP*  is  isosceles  and  P'B  is  parallel  to  PA,  the 
angle  BPP*  is  equal  to  the  angle  PBP’  and  the  angle  BP.A . Therefore, 
Vo  bisects  the  angle  APP' . 
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T.-i  both  cases,  the  pressure  at  a given  point  of  the  fluid  determines 
the  fluid  velocity  at  this  point.  We  assume  that  the  liner  moves 
away  so  fast  that  the  pressure  on  its  surface  is  very  low,  and 
nonce  the  pressure  is  constant  on  the  entire  surface  of  the 
collapsing  liner.  It  is  well  known  that  the  pressure,  and  hence 
■ i.o  velocity,  are  constant  at  the  boundary  of  the  jet.  From  the 
viewpoint  of  our  observer,  the  jet  and  slug  recede  with  the  same 
speeds  V2  as  the.  walls  approach  him  (see  Figure  14).  In  particular, 
during  liner  collapse,  the  jet  and : slug  have  the  same  length,  which  . 
is  observed  experimentally. 

. . ."  ' • ' % * 

In  the  stationary  coordinate  system,  the  jet,  traveling  to 
the  right  in  Figure  14,  has  the  velocity 


while; the  slag,  traveling  to  the  left  in  the  moving  coordinate 
system  of  Figure  14,  actually  has  a small  velocity  to  the  right 


In  order  to  visualize  the  entire  process,  we  consider  that:.' 
if  the  point  P,  located  on  the  upper  surface  in. "Figure  .12,  travels 
to  point  B,  fixed  in  space,  in  unit  time,  the  material  of  the  inner 
part  of  the  upper  liner  included  between  FA  and  AB  moves  into  the 
jet,  whose  front  moves  during  this  time  to  the  right  >.  distance  equal 
to  ?ft  + AB.  Thus,  the  high  velocity  jet  which  penetrates  deep  into 
the  target  is  formed  from  the  liner  material.  Its  velocity  is 


Vr#, 


(2) 


W.e  material  of  the  outer  part  of  the  liner  surface  forms  a slug 
■vrr.ich  travels  with  relatively  low  velocity 


(3) 
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With  the  aid  of  the  momentum  theorem,  we  can  determine  the  liner 
mass  division  between  the  jet  and  the  slug.  Let  m ts  the  mass  per 
unit  length  of  the  two  collapsing  planes  which  tome  together  at 
the  junction.  -Let  m,  be  the  part  of  n going  into  the  jet,  ar.s  mc  — 

the  part  going  into  the  slug;  thus,  ip.  * m4  .+  m^ . The  horizontal 

component  of  the  momentum  prior  to  and  after  splitting  of  m between 
the  jet  and  the  slug  must  be.  the  same;  hence-  we  have,  in  the  moving 
coordinate  system  (Figure  In), 


ne.nce 


( - ) 


Thus,  the  velocities  and  cross,  sections  of  the.  jet  and  slug  are 
constant . 

The  conical  liner  case  can  be  treated  in  the  same  way.  However, 
In  this  case,  the  problem  will,  have  an  axis  of  symmetry  .rather  than 
a plane  of  symmetry  and  the  material  from  the  collapsing  liner  will 
converge  to  the  junction  from  all  sides  of  this.  axis.  In  this 
case,  the  moving  observer  can  be  selected  Just  as  in  the  wedge  case. 
However,  in  order,  for  the  entire  process  to  appear  stationary  to 
observer,  it  is  necessary  that  the  mass  per  unit  axis  length  be 
constant.  This  requirement  is  satisfied  only  approximately  for  the 
liner  of  constant  thickness  and  Is  satisfied  exactly  for  a. liner 
whose  thickness  is  inversely  proportional  to  the  distance  from  the 
apex.  ■ 

Ir.  the  case  of  a plane  detonation  wc  .-e  . traveling  along  the 
axis  with  the  constant  velocity  U^,  we  can  compute  Va  exactly  from 
the  basic  relation 

«(M  V 

which  follows  from  purely  geometric  considerations  (see  Figure  13). 


It 


-vu.  . 


ct- 


'Vi 


Substituting  the  value  of  Ve  obtained  from  this  relation  into 
) — (3) » we  obtain 

■ • \ J ‘ l 

The  jet  velocity  increases  as  the  angle  a decreases,  since,  in  this 
case,  the  angle  3 also  decreases.  In  the  plane  detonation  wave  case 
•the  jet  velocity  approaches  the  maximal  value  as  a approaches’- zero . 
From  (2')  for  a = 0,  we  have  V = 2Ud,  i.e. , the  jet  velocity  cannot 

exceed  twice  the  detonation  Wave  velocity. 


In  the  hypothetical  case  of  a conical  wave  front  traveling 
■perpendicular  -'to'  the  surface  of  the  conical  liner  so  that  it  strikes 
the  entire  liner  surface  at  the  same  instant*  6 * a and  we  obtain 
from  (2)  and  (3)  the  simple  formulas  for  the  jet  and  slug  velocities 


vrifc ***** 


In.  this  case,  the  jet  velocity  increases  without  limit  with, 
reduction  of  the  cone  ancle.  However,  as  a tends  to  zero,  the  jet 

mass  . 


"4m 


■and  the  jet  momentum 


V’  tend  to  zero. 

Thus,  we  have  determined  theoretically  the  jet  and  slug 
velocities  [(2)  — (3)  and  (2’)  — ( 3 T ^3  and  their  masses  (4)  for 
both  conical  and  wedge-shaped  liners. 
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Comparison  with  Experiment  and  Further  Remarks 

The  preceding  theoretical  arguments  correspond  roughly  to 
experiment  with  important  exceptions.  Plash  radiographs  show  that 
the  angle  28  of  the  collapsing  cone  is  greater  than  the  original 
cone  angle  and  remains  approximately  constant  throughout  the  collapse 
process,  which  is  in  complete  agreement  with  the' theory.  Further, 
the  radiograph  data  and  some  other' measurements  show  that  the  speed 
of  the  steel  jet  front  and  slug  are  close  to  the  speeds  predicted 
by  (2)  and  (3) i but-  contrary  to  the  theory  predictions,  the  speed 
of  the  reai*  or  last-formed  parts  of  the  jet  is  considerably . slower 
than  that  of  the  front  parts,  Also  contrary  to  the  theory  predic- 
tions, the  jet  is  emitted  even  after  the  liner  has  collapsed 
completely. 

Since  the  angle  8 can  be  determined  approximately  by  flash 
radiography,  (4)  can  be  checked  experimentally  if  either  the  steel 
jet  or  the  slug  can  be  recovered  from  the  target  after  the  explosion. 
This  can  be  done  with  both  the  jet  and  the  slug,  but  it  is  more 
convenient  ana  easier  to  deal  with  the  slug. 

During  explosions  of  charges  with  wedge-shaped  cavities  and 
liners,  slugs  which  survive  the  detonation  and  subsequent  collapse 
process  are  not  formed;  however,  during  explosions  of  charges 
with  conical  liners  with  apex  angles  of  60°  and  less,  such  slugs 
are  formed.  If  the  charge  is  exploded  in  sawdust  or  water,  these 
slugs  can  be  recovered  from  the  target  virtually  undamaged.  It  has 
been  found  that  a smaller  part  of  the  conical  shell  mass  than 
predicted  by  the  theory  (see  [4])  goes  into  the  formation  of  these 
slugs.  This  is  not  surprising,  since  even  qualitative  studies  of 
the  slug  show  that  the  cone  collapse  process  dees  not  remain  at  all 
times  ideal  as  was  assumed  in  deriving  (4).  If,  prior  to  loading  • 
and  firing,  the  charge  conical  liner  is  sectioned  by  a series  of 
planes  parallel  to  the  base,  the  jet  from  such  a charge  will  be 
formed  normally  and  will  have  the  usual  performance.  Each  section 
of  the  cone  forms  a corresponding  portion  of  the  slug.  These  por- 
tions, recovered  from  the  target  in  the  form  of  individual  pieces 
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and  fitted  together,  form  the  same  slug  as  that  formed  in  the  usual 
way.  By  weighing  each  part  of  the  liner  before  and  after  firing, 
we  can  determine  what  fraction  of  the  liner  enters  the  slug  and  what 
part  enters  the  jet.  It  was  found  that,  for  the  parts  of  the  cone 
use  to  the  apex,  the  distribution  of  mass  between  the  jet  and 
tne  slug  agrees  with  (4)  within  the  experimental  uncertainty  in 
, determining  B from  the  radiograms.  The  percentage  weight  loss 
Increases  for  the  parts  of  the  cone  located  near  the  base,  This 
nay  be  due,  in  part,  to  incomplete  cone  collapse  near  the  base  and 
breaking  off  of  some  metal,  and  also  to  the  formation  of  an  after jet 
■from  the  slug  after- the  collapse  process  is  complete.  The  formation 
of  che  afterjet  from  the  slug  is  also  clearly  seen  from  the  radio- 
gram . data;  i 

It  would  pe  interesting  to  establish  why  jet  formation  continues 
.for  some  time  after  completion  of  the  collapse  process.  It  may  be 
• that  the  pressure  of  the  detonation  wave  in  the  gaseous  .explosion 
products  concentrates  near  the  slug  and  squirts  the  afterjet  out 
of  i,t  like  toothpaste  is  forced  from  a tube.  Studies  of  slugs 
recovered  from  the  target  have  shown  that  the  rietal  temperature  near 
ti'.m  slug  axis  is  close  to  the  melting  point.  The  detonation  wave 
pressure  which  may  converge  on  the  newly  formed  slug  undoubtedly 
cciftuidas  with  the  pressure  which  would  be  created  by  explosion  of 
the  same  charge  without  a liner,  immediately  after  a hollow  charge 
without  a liner  has  been  exploded,  the  compressed  gases  stream  into 
the  cavity  and  converge  on  trK  axis,  forming  a high  /velocity'  jet  .# 

T.ne  effect  produced  by  such  a charge  is  shown  in  P.’.gu  x 7. 

In  order  to  explain  the  observed  afterjet  velocity  using  this 
scheme, .it  is  necessary  that  the  secondary  compression  wave  con- 
verging on  the  slug  create  a higher  pressure  than  that  which  we  would 
»xpect  from  the  explosion  of  a charge  similar  to  that  shown  in 
figure  2.  Therefore,  some  other  explanation  must  be  found. 

*3imilar  to  jet  formation  behind  an  ordinary  sphere  dropped 
info,  water  [30]. 


Another  possible  explanation  of  a*  terj  et  format  ion  is  that 
it  is  pulled  out  from  those  parts  of  the  -original  jet  whi r:h  are 
immediately  adjacent  to  the  slug  throughout  the  entire  je*  forma- 
tion process.  This  ductile  drawing  process  can  be  compared  with 
filament  formation  from  molten  glass  or  daartz.  Experiments  carried 
out  by  Bridgman  showed  that  most  metals  become  very  plastic  under 
the  influence  of  high  pressure.  It  may  he  that  the  metal  does  not 
lose  this  property  for  a few  microseconds  after  the  pressure  is 
released.  If  this  latter  mechanism  3s  correct,  it  would  account 
for  the  velocity  gradient  existing  in  the  jet.,  since  acceleration 
of  the  slug  material  causes  deceleration  of  parts  of  the  jet  already 
formed.  The  latter  mechanism  is  more  probable  than  the  preceding, 
but  it  is  possible  that  both  mechanisms  play  some  role. 

The  afterjet  forms  especially  easily  because  the  core  of  the 
slug  is  heated  almost  to  the  melting  point.  This  heating  may  be 
explained  by  the  following  crude  approximate  two-dimensional  theory 
of  propagation  of  the  heat  caused  by  deformation  of  the  liner  {the 
time  involved  In  heat  propagation  is  too  short  for  heat  conduction 
to  be  important ) . 

Let  us  again  introduce  the  moving  coordinate  system  of  Figure' 

1A  and  assume  that  the  linear  material  deforms  as  a perfect  fluid 
[30].  Let  u and  v be  the  -components  of  velocity  along  the  x ana  y 
axes,  respectively,  at  the  point  with  coordinates  (x,  y).  We  know 
from  classical  hydrodynamics  that  the  divergence  and  curl  of  the 
velocity  vector  are  equal  to  zero,  I.e. , u and  v satisfy  the  Cauchy- 
Riemann  conditions 

Hence,  the  infinitesimal  strain  tensor  [31]  is  described  by  the 

matrix 
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-c .ic.raererlst  Jc  roots  may  be  written  ay' 

X-l±  j*(4». 

c,  - u - iv  is  the  conjugate  complex  velocity  and  s * / + Jy 
1 the  cor.]..] ex  position  vector.  Hence,  the  rate  of  strain  of  a 
:T:'  >. ■'  .infinitesimal  fluid  element  is  proportional  to  I^J 

For  simplicity,  let  us  assume  that  the  heat  of  deformation  of 
t hiv  element  depends  only  on  its  total  strain 


fit 


5 Independent  of  the  rate  of  strain.  The  integral  is  evaluated 
! element  as  it  travels  through  the  region  near  , the  stagna- 
•oint  - Then 


JISi-flSIltK 


ISh*. 


re.v’e,  the  heat  generated  by  each  of  the  elements  is  proportional  to 


( 


e, \ 

J t 


that  is,  .the  octal  heat  rej erred  to  unit  volume  is  proportional  to 
t^o  ^ a V',  avion  of  the  logarithm  of  t,  or  the  logarithm  cf  the  complex 
eivt  » u r iv.  Since  the  logarithm  of  zero  la  infinite,  it 
r-5  v ; ear  that  the  elements  near  the  axis  of  the  jet  which  pass 
noar  the  stagnation  point  may  be  heated  infinitely  strongly.  . 
rsositly,  as  the  temperature  of  the  linen  material  approaches  its 
m -It In"  point , the  properties  of  the  material  approach  more  and 
"•or-  me;  properties  of  the  ideal  fluid.  With  negligible  viscosity, 
so  that  the  heating  is  reduced  greatly  and,  as  a result  of  this, 
r-r:ly  a very  small  part  of  the  metal  is  melted. 


20 


Jet  Penetration  into  Target 

The  process  of  hollow  charge  j.et  penetration  Into  o targe.  is 
much  like  that  of  a high  speed  Jet  from  a fire  note  penetrating  a 
bank  of  soft  mud.  Target  material  is  splashed  out  radially  at 
high  velocity  from  the  impact  point.  The  diameter  of  the  hole 
produced  is  considerably  greater  than  the  jet  diameter  and  is  not 
directly  related  to  this  diameter.  It  depends,  rather,  on  the  Jet 
energy  per  unit  penetration  depth  (see  [32] , where  proportionality 
between  the  impact  energy  and  the  hole  or  crater  volume  is  proved  - 
experimentally).  As  shown  in  Figures  3 — 5,  the  hole  diameters" ir 
hard  materials  are  less  than  in  soft,  since  more  work  must  he 
expended  in  destruction  of  the  hard  material.  Ir.  soft  mater-' « I s 
like  lead,  large  diameter  holes  are  produced  because  the  material 
spreads  radially  from  the  point  of  collision  with  the, Jet  until  it 
is  stepped  by  elastic  forces  or  viscous  forces. 

On  the  other  hand,  for  most  charges,  the  rate  and  depth  of 
penetration  into  the  target  are  nearly  independent  of  the  target 
material  strength.  This  arises  from  the  fact  that,  because  of  toe 
high  velocities,  the  shaped-charge  jets  create  at  the  impact  point 
pressures  which  exceed  markedly  the  yield  point  of  most  materials. 
To  a first  approximation,  the  strength  and  viscosity  of  the  target 
material  can  be  neglected  and  we  can  solve  the  problem  on  the  basis 
of  the  laws  of  hydrodynamics. 

Target  Penetration  by  Constant  Velocity  Jet 

Consider  a jet  of  constant  length  Z,  velocity  V.  , and  density 

Pj  (Figure  15a)  penetrating  a semi-infinite  target  of  density 

with  the  velocity  U (see  Figure  15b).  We  consider  the  ease  when  u. 
remains  constant-.  The  phenomenon  simplifies  if  it  is  examined  in  a 
coordinate  system  moving  with  the  velocity  U (see  Figure  15c).  Tn 
this  coordinate  system,  the  hole  profile  is  fixed  and  the  jet 
travels  to  the  right  at  the  velocity  V -.U,  while  the  merger  moves 
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rigure  15.  a-  idealized  jet  of  length  I with  velocity  Vj  , density 
p.,  and  cross  section  area  A;  b-  idealized  jet  penetrating  target 

ri 

material  of  density  pt  wi' h velocity  U.  Since  the  jet  is  continu- 
ous, -it  spreads  out  as  it  reaches  the  target ; c-  steady  state  (b) 
in  coordinate  system  traveling  with  penetration  velocity  U.  In  this 
moving  coordinate  -system,  the  hole  contour  is  fixed. 

to  the  left  at  the  velocity  U.  If  the  jet  pressure  is  larger  than 
the  strengths  of  ..the  jet  and  target  materials,  the  latter  can  be 
treated  as  ideal  fluids.  The  pressure  on  the  two  sides  of  the  jet 
and  target  contact  surface  must  be  the  same.  From  the  Bournelli 
integral,  wnlcn  can  be  used  since  the  phenomenon  is  stationary  in 
the  coordinate  system,  we  have  selected 


T*IK/-0»»--rPtUs 


(6) 


•'ffce  velocity  U has  been  measured  for  a large  number  of  charges  and 
target  materials.  When  using  charges  of  the  type  shown  in.  Figure  2, 
the  velocity  U In  the  steel  target  case  was  on  the  order  of  2.7  *•  10s 
cm/s co.  In  this  case,  the  jet  pressure  is  (1/2)p1.U':  ~ 0.5  >'  7-8 

7 * 10* ) 2 = 2.3  -10 11  dynes/cm2  or  more  than  a quarter  million 
.atmospheres , which  exceeds  by  far  the  yield  strengt)  ..f  any  steel 
and  hence,  confirms  the  possibility  of  using  the  meth  Is  of  hydro- 
dynamics. 


. . JU-*.  » V. W . , 
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The  mechanism  of  jet  penetration  into  the  target  is  illustrated 
in  Figure  14,  which  shows  how  the  jet  interacts  with  the  target.  If 
it  is  assumed  that  the  steady  state  is  reached  nearly  instantaneously 
and  that  the  penetration  stops  as  soon  as  the  end  of  the  jet  reaches 
the  target,*  the  total  penetration  on  the  basis  of  (6)  will  be 

i&-*(  (7) 

t . 

where  . I is  the  original  jet  length  and  t . is  the  penetration  time. 

J 

This  indicates  that  the  depth  of  penetration  into  a massive,  target 
depends  only  on  the  length  and  density  of  the  jet  and  the  target 
density  and  not  on  the  jet  velocity.  At  first,  this  seems  surprising 
However,  upon  careful  examination,  we  see  that  the  jet  penetration 
velocity  [see  (6)]  and  the  rate  at  which  the  jet  is  dissipated  are 
proportional  to  V. . Hence,  we  see, that,  the  faster  the  jet  travels, 

J 

the  faster  it  is  dissipated  and  thus  the  total  penetration  depth  does 
not  change  as  a function  of  the  velocity  Vj  . Of  course,  this  inde- 
pendence of  the  depth  of  penetration  on  the  jet  velocity  can  hold 
only  for  velocities  at  which  the  pressure  generated  exceeds  by  far 
the  yield  strength  of  the  target  material.** 


We  see  from  (7)  that  the  penetration  depth  of  the  jet  from  a 
given  charge  should  be  inversely  proportional,  to  the  square  root  of 
the  target  material  density.  This  agrees  very  roughly  in  many 
cases  with  experiment,  but  there  are  many  exceptions  for  which  this 
rule  must  be  modified. 


*It  is  probable  that,  when  the  jet  strikes  a relatively  soft 
target,  all  the  jet  momentum  is  not  expended  and  the  hole  in  the 
target  will  be  made  deeper  as  a result  of  the  residual  momentum. 

We  term  this  effect  secondary  penetration;  it  is  not  considered  in 
(7).  This  explains  the  fact  that  the  hole  depth  is  greater  in  a 
massive  lead  target  than  in  a massive  steel  target,  even  though  lead 
has  the  higher  density. 

**In  the  case  of  a jet  formed  from  a conical  liner,  a small' 
amount  of  the  liner  material  travels  behind  the  jet  so  slowly  that 
it  does  not  form  a pressure  greater  than  the  yield  strength  of  armor 
steel  but  sufficiently  fast  to  exceed  the  yield  strength  of  mild 
steel.-  Thus,  the  process  of  penetration  into  mild  steel  lasts  longer 
than  the  process  of  penetration  into  armor  steel.  This  phenomenon, 
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Figure  15.  Curve  of  average  penetration  into  mild  steel  as  a 
function  of  standoff  for  standard  charge. 

<•-  average  penetration  with  average  mean  deviation;  x-  maximal  and 
Minimal  penetrations. 

Thi3  theory  explains  correctly  a number  of  experimental 
phenoma.ua,  but  at  the  same  time,  there  are  many  experiments  which 
do  not  correspond  to  this  simple  Jet  theory.  With  Increase  of 
the  distance  between  the  charge  and  che  target,  the  average  pene- 
tration into  a given  target  at  first  increases  and  then  decreases 
(see  Figure  16;  a charge  of  the  type  shown  in  Figure  2 was  fired 
into  ; mild  steel  target). 

A number  of  tests  have  been  conducted  in  which  the  massive 
mild  steel  target  was  part  of  a ballistic  pendulum,  so  that  the 
momentum  of  the  Jet  could  be  measured  simultaneously  with  the  pene- 
tration It  produced.  These  experiments  showed  that,  while  the 
overage  penetration  depth  varied  greatly  with  standee , the  average 
momentum  was  almost  constant.  This  result  agrees  well  with  the 
present  theory,  which  indicates  that  the  penetration  should  be  • 
independent  of  the  Jet  velocity.  Confirmation  of  this  is  found  in 
'igjLre  17,  where  the  abscissa  axis  is  the  penetration  depth  and 
the  ordinate  axis  is  the  corresponding  momentum  for  the  same  stand-, 
off  distance.  The  maximal  momentum  changes  are  less  than  the  maximal 

together  with  the  secondary  penetration  phenomenon  (see  preceding 
footnote)  accounts  for  the  fact  that  the  total  penetration  depth 
Into  armor  steel  is  less  than  into  mild  steel,  and  that  the  penetra- 
tion depth  into  mild  3teel  is  less  than  into  lead. 
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penetration  depth  charges,  out 
there  is  no  . eorrelar  ion  between  the 
momentum'  and  penetration  deviations. 
Jets  having  the  largest  momenta  do 
not  produce  the  deepest  penetrations. 


Penetration  depth,  cm 

Figure  17.  Deflections  of 
ballistic  pendulum  versus 
penetrations  into  mild  steel 


If  the  jet  is  broken  up  into 
very  small  particles  so  that  they 
cannot  .influence  one  a not  he?’,  the 
pressure  produced'  ,.by;  xhe  Jet  will 
be  greater  than  that  •.indicated  by 
the  Bernoulli  integral  (6).  This 


for  standard  charges  at  stand-  is  explained  by  the  , fact  that  the 

off  305  mm-  " , . t f 

particle  jet  aoes  net  spreac  out 


Circles  show  data  obtained  for  j vp  . t,. 

charges  of  one  batch;  crosses  over  such  a tu 

show  data  obtained  for  charges  continuous  jet 


over  such  a largo  area  as  the 
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of  another  batch.  These 
charges  were  made  to  be 
identical  and  observations 
before  firing  showed  no  vari- 
ations. The  charges  of  the 
second  batch  gave  nearly  the 
same  average  penetrations  as 
the  first , although  the  average 
momentum  of  their  jets  was 
lower . 


jet  is  capable  of  supporting 
internal  pressure  while  the  partial; 
jet  is  not..  A pressure  gard lent 
is  created  along  the  jet  axis 
which  varies  from  the  maximal  value 
at  the ■ point  of.  impact  with  the 


. target  to  zero  at  the  other  end  o'. 

the  jet.  The  pressure  gradient  causes  a gradient  cf  the  opposite 
sign  in  the  velocities  within  the  jet  from  the  velocity . U at  the 
impact  point  to  V,  at  the  opposite  end  of  the  jet,.  After  the.  jet  . 


begins  to  travel  uniformly,  the  product  of  the  velocity  by  the  je? 
cross  section  area  must  be  the  same,  for  all  points  of  the  . jet; 
therefore,  the  jet  cross  section  area  increases  as  if  approaerr: 

the  target. 


If  we  assume  that,  in  the  particle  jet  case,  the  particles 
regain  their  velocity  and  cross  section  prior  to  inelastic  impact 
with  the  target,  such  spreading  will  not  take  place.  The  pressure 
produced  by  a particle  jet  can  be  calculated  approximately  by 
dividing  the  total  force  required  to  alter  the  jet  momentum  during' 


impact  by  the  area  A.  of  Jet  contact  with  the  target.  The  total  for 
is  given  by  the  rate  of  change  of  the  momentum. p-f A (V - u)-2  a-.c  sc- 

' . *J  ..  c* 

i he  average  pressure'  on  the  contact  surface  is.  p ,(V,  - U)2.  If 

- _ . tJ  c. 

this  pressure  is  equated  to  the  pressure  formed  in  the  target 
material  at  the  point  of  impact  and  given  by  the  -Bernoulli  integral 
cl  ’ ) . we  obtain  . 


V!2 


t • - - 


This  relation  differs  from  (6)  only  by  the  factor  1/2.  .The 
relations  ('6 ■)  .and  (8)  can  he  combined  into  one 

. = ptU2>  "■■■ 
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whore  the- constant  A is  equal  to.  one  for  a continuous  jet and  two 
for  a particle  jet.  If  the  jet  has  ar.  intermediate  structure,  A 
will  lie  between  one  and  two. 

From  (9),,  we  can  calculate  the  target,  penetration  depth  fc-r  a 
; > t of.  either  type 


‘v 


— f(  _=£.)■ 

Vv 
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This  formula  is  valid  only  for  an  idealized  jet  whose  properties 
"remain  unchanged  in  the  target  penetration  process.  The  real  Jet 
behaves  much. more  complexly. 

Target  Penetration  by  Variable  Velocity  Jet 

Jets  formed  from  a conical  liner  are  not  constant  but  change 
as  they  travel.  For  these  jets,  (10)  must  be  modified.  As  - mentioned 
earlier,  the  Jet  velocity  decrease's  continually  from  front  to  rear 
of.  the  jet;  her.ee,  the  jet  becomes  longer.  The  increasing  jet- 
length  leads  to  change  of  other  jet  characteristics  in  the  course 
of  time.  Furthermore,  at  each  given  moment  cf  time j the  jet  proper- 
ties are  not  the  same  along  its  length  and  usually  the  jets  are  not 
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completely  formed  at  the  moment  of  Jet  contact  wish  the  targe?. 
Thus,  a question  arises:  can  the  targe-,  influence  trie  Jet  In  the 

sense  of  changing  Its  characteristics  during  Jet  formation? 


Such  Influence  of  the  target  on  Jet  formation  cannot  tike  place 
lf  the  speed  of  sound  In  the  Jet  material  is  so  lew  that  a pressure 
pulse  produced  by  the  target  cannot  travel  back  to  the  vicinity  of 
the  stagnation  point  (Figure  12).  This  ccnditicn  is  usually 
realized,  even  at  low  standoffs,  since  the  velocities  of  the  front 
part  of  the  jet  are  higher  and  the  velocities  of  the  rear*  part  of 
the  jet  are,  in  turn,  only  slightly  lower  than  the  speed  of  sound  In 
the  jet  material.  With  charges  of  the  type  shown  in  Figure  2,  the 
steel  target  will  not  have  any  influence  on  Jc-t  formation  if  the 
standoff  distance  is  not  .less  than  12.7  mm.  This  makes  it  possible 
to  separate  the  process  of  jet  penetration  into  the  target  from  the 
jet  formation  process. 


To  calculate  jet  penetration  into  a target,  we  need  to  know 
the  physical  characteristics  at  all  points  of  the  jet  at  every 
instant  of  time.  The  exact  characteristics  are  undoubtedly  very 
complex.  However,  in  calculating  Jet  penetration  into  a target, 
we  need  know  only  the  average  density  p.  and  degree  of  dispersion, 

•J 

characterized  by  the  quantity  X,  of  that  part  of  the  jet  which 
strikes  the  target  at  a given  instant  of  time.  The  average  density 
p,  is  equal  to  the  mass  of  an  elementary  volume  of  the  jet  divided 

j 


by  the  volume.  We  shall  consider  that,  for  a continuous  jet,  it  is 
equal  to  the  density  of  the  liner  material  and  less  than  the  value 
for  the  particle  Jet.  The  quantity  A can  be  considered  a function 
of  pj,  although  it  also  depends  in  part  on  the  size  of  the  particles 

Into  which  the  Jet  is  broken.  We  assume  that  the  X and  p.  for 
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that  part  of  the  jet  from  a given  charge  which  strikes  the  target 
at  a given  instant  of  time  are  independent  of  time  and  depend  only 
on  the  distance  from  the  base  of  the  original  cone  to  the  target 
point  at  which  the  jet  impacts. 


. These  assumptions  are  made  only  t o simp  i 3 :'y  tft~  -aicu  i,a?  ion*  ; 
trey  are  probably  just  as  valid  as  any  other*  simple  as-sumptions 
wi  lo::  could  be  trade . If  we  neglect  the  slight  compressibility  f 
liner  material,  then  all  parts  cf  the  jet  cf  a given  c-barge  mist 
je../!'  tne  stagnation  point  (Figure  11)  with  the  same  density-  If 
the  jet,  because  of  the  large  velocity  gradient,  breaks  up . into 
particles,  it  is  possible  that  the  front  part  cf  the  jet  breaks 
up  first  and  the  rear  part  later  and  thus,  the  entire  jet  may 
break  up  at  the  same  point  of  space.  The  change  of  jet  'density, 
taking  place  because  of  its  breakup  as  a consequence  of  the  existent* 
of  the  velocity  gradient  and  other  causes  probably  depends  more  on 
the  distance  traveled  by: the  given  section  of  the  jet  after  its 
“c: -.ation  t-han  on  v..ne  position  in  the  jet  .or  the  time  since  the 
pr_ cess  started.  • 

It  should  be  noticed  that,  while  the  theory  of  jet  foerhr  !cu 
from  a jor.ical  liner  of  uniform  thickness  indicates  that  the  mass  .se- 
nnit length  in  the  rear*  part  of  each  jet  should  be  greater  than  in 
the  front,  of  the  Jet,  there  is  no  reason  to  believe  that- 'the  den- 
sities in  these  parts  of  the  jet  will  '.be  different.  The  jet  cross 
section  probably,  decreases  along  its  length  from  the  rear-  toward 
the  front;  this  will  not  influence  the  depth  of. jet  penetration 
into  ’the  target,  but  should  affect  the  diameter*  of  the  hole  produced 


Under  these  assumptions,  since  >.  depends  on  p*,  the'  p,.  (and, 

h- ace  the ■ a ) for  the  part  of  the  jet  from  a given  charge  striking 
tne  target  wi  ll  depend  cn  the  distance  s of  the  targe:  .'  from  the 


ise 


•he  original  cone,  but  will  not  depend  on  t 


We  have  the  formula  for  the  penetration  depth 

yrhere  the  integral  is  evaluated  in  the  limits  from  beginning  of  ■ 

penetration  to  the  end  of  jet  penetration  into  the  target.  But 

11  * (V.  - U)dt,  where  d l is  the  jet  element  striking  the  target, 

0 

i.e. , the  element  which,  during  the  time  dt,  will  be  carried  by  the 
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jet  through  the  boundary  of  the  target.  Hence,  neglecting  transient 
unsteady  effects  like  those  mentioned  in  footnote  preceding  (7), 

we  obtain 


where  the  integral  is  taken  over  the  entire  length  of  the  jet  as  it 
strikes  the  target.  Assuming  that  (9)  holds  approximately"  for  the 
variable  Jet,  we  can  rewrite  (11)  as  follows 


■ . (12) 

or,  if  the  target  has  constant  density. 


(13) 


The  integral  in  (13)  depends  primarily  on  the  jet  characteristics, 
so  that  the  penetration  depth  of  variable  Jets  from  similar  charges 
into  different  targets  should  be  inversely  proportional  to  the 
square  root  of  the  target  density;  this  is  valid  for  constant  jets 
a3  well.  However,  we  see  from  (13)  that  the  penetration  of  a vari- 
able jet  into  a given  target  will  depend  on  the  standoff,  while  the 
penetration  of  the  constant  Jet  is  independent  of  this  distance. 


Let  s be  the  distance  between  the  base  of  the  original  cone 
and  the  target  surface.  Since  the  Jet  lengthens  as  it  travels,  the 
integral  in  (13)  depends  for  a given  jet  on  s.  Exact  calculation 
of  this  dependence  is  very  complex  and  is  hardly  justified  consider- 
ing the  uncertainty  of  the  original  assumptions.  However,  an 
excellent  idea  of  this  dependence  can  be  obtained  by  use  of  some 
approximations. 

We  write  (13)  in  the  form 
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where  7 Is  the  average  value  of  <V  (.lur.lng  penetration.  Thl. 

• quantity  lies  somewhere  between  the  values  of  at  the  begin nlng 

and  end  of  penetration.  According  to  the  assumption  that  A ami  o 
for  a given  charge  depend  on  s but  not  on  time,  7 depends  primarily 
on  s.*  The  integral  fdl  also  depends  primarily  on  s.  If  the  jet 
nes  constant  length,  /dZ  yieidc  the  jet  length,  since  integration 
is  made  over  all  the  jet  elements  .striking  the  target.  For  Jets  of 
variable  length,  /dZ  yields  the  effective  length,  since  it. is  the 
sum  .'.of  the  lengths  of  all  those  jet  elements  which  penetrate  the 
target.  The  effective  length  fdl  = l depends  primarily  on  s. 

Relation  (13)  is  rewritten  as  follows 

• ■ * * 

*-7iy.  <i*> 

We  can  obtain  the  approximate  dependence  of  T on  s from  (Ik). 

We  shall  consider  three  cases,  each  of  which  may  be  encountered 
at  some  stage  of  penetration  of  a particular  jet  Into  a target. 

Case  1.  The  metal  jet  Is  drawn  out  plastically  and  becomes 

narrower.  The  jet  density  p.  does  not  change  and  since  A is 

J : ■ 

constant  for  a continuous  jet  and  equal  to  one,  P increases  in 
proportion  to  Z.** 

*?he  quantities  J and  /dZ  depend  'weakly  on  the  target,  density 
p* , since  although  penetration  into  targets  with  different  densities 

Coer,  change  the  average  value  of  wa  as  well  as  the  value  of  /dZ, 
this  change  is  so  slight  that  it  may  be  neglected. 

**The  process  of  ductile  drawing  of  the  jet  due.  to  the 
velocity  gradient  in  it  was  first  suggested  because  the  increase 
i.r  penetration  proportional  to  for  particle  jets  (as  in  Case 

3)  did  not  appear  to  be  rapid  enough  to  account  for  the  experimental 
observations. 


Case  2.  The  jet  is 'in  the, process  of  changing  from  the  first 
to  the  second  type.  It  has  broken  up  into  particles  but  the  par- 
ticles are  still  so  close  together  that  the  impact  of  the  jet  on 
the  target  is  nearly  the  same  as  in  the  continuous  jet  case.  The 
value  of  X lies  between  one  and  two,  but  approaches  two  in  an 
unknown  manner  as  the  jet  lengthens.  Thus,  X increases  with 
standoff  and  Pj  decreases.  The  average  value  of  , denoted  by 

7,  varies,  depending  on  the  rate  of  increase  of  X and  decrease  of 

p . . If  X increases  at  the  same  rate  as  p.  decreases,  chen  7 

J ■ , * • J 

remains  constant;  if  X increases  at  a higher  rate  than  Pj  decreases 

then  J increases  and,  finally,  if  X increases  at  a lower. rate  than 
Pj  decreases,  then  7 decreases.  Some  experiments  suggest  that  7 

first  increases  slightly  and  then  decreases  with  increasing  star.dcf 
Probably  the  penetration  produced  is  much  the  same  as  that  of  Case 
1,  when  7 is  constant  and  the  penetration  is  proportional  to  7. 

Case  3.  The  Jet  consists  of  finely  divided  particles  with 
unchanging  cross  section.  The  factor  X is  constant  an. : vdial  to 
two.  Since  the  decrease  in  pj  is  caused  by  It-ngthcning  . t *>•'  Jet 

due  to  its  velocity  gradient,  the  average  value  of  o,  should  be 

’ - _ •> 

inversely  proportional  to  I,  and  7 should  be  inversely,  proport  ion  ; I 
to  Of*  . Thus,  from  (14),  the  quantity  P will  be  proportional  ro 
<*)*•>  ( see  preceding  footnote ) . The  penetration  depth  will  increase 

more  slowly  with  increase  of  the  standoff  than  in  Cases  1 and  2. 

The  nature  of  the  jet  from  the  conical  liner  depends  on  the 
physical  properties  of  the  cone  material  and  on  the  temperature  and 
pressure  in  the  jet.  Probably  all  metallic  jets  pass  through  each 
of  these  three  stages,  starting  out  as  continuous  Jets  but,  sooner 
or  later,  breaking  up  into  particles.  Under  these  conditions,  jets 
of  less  ductile  metal  break  up  into  particles  sooner  than  jets  of 
more  ductile  metal.  Thus,  charges  with  liners  of  a more  ductile 
metal  such  as  aluminum  or  copper  penetrate  the  target  more  deeply 
than  charges  with  liners  of  less  ductile  metal.  In  each  case,  the 
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oe-.-d  rating  ability  increases  with  Increase  of  the  standoff  die  tan*;  v, 
rapidly  at  first  during  stretching  of  the  jet,  and  then  slow'. ■,  efeer 
the  jet  has  broken  up  into  particles,  it  might,  seem  that  th- 

n-t  rating  power  of  the  jets  should  increase  indefinitely;  howav  .*•-  , 
this  naturally  is  not  so,  because: 

•1.  In  practice,  the  jets  are  never  perfectly  uniform,  so' 
they  tend  to  spread  and  their,  effective  density  decreases  a no  .he 
penetrating  ability  decreases. 

2.  The  density  reduction  caused  by  lengthening  and  spreading 
eventually  reduces  the  pressure  of  the  jet  on  the  target  until  the 
target  strength  can  no  longer  be  neglected  and  the  simplified 
theory  oecomes  invalid. 

3.  The  particle  scatter  upon  breakup  of  the  jet  is  so  great 
that  the  air  resistance  for  each  individual  particle  becomes  an 
■import ant  factor.* 

Ail  this  reduces  the  penetrating  power  with  increase  of  the 
standoff.  Thus,  the  penetrating  ability  of  a jet  formed  from  a 
conical  liner  initially  Increases  at  low  standoff  because  the 
’■ez  first  stretches  and  then  breaks  down  into  particles,  and  then 
tho  penetrating  ability  decreases  with  increasing  standoff,  because 
;.f  the  reduction  in  jet  density  resulting  from  its  spreading.  If 
p.-.oi  the  dependence  of  P on  the  distance  s,  the  curve  rises  to 
> maximum  at  the  optimal  standoff  and  then  falls  off  up lin  as 
rhovn  in  Figure  16.  We  note  that,  although  the  individual  points 
have  considerable  scatter,  the  average  penetration  depth  curve  is 
y.-;t  = smooth.  The  large  point  scatter  for  most  charges  is  associated 
>:  ■ r.  imperfect  alignment . 

* At  distances  of  10  or  15  diameters  from  the  base  of  the  cone, 
the  air  can  be  treated  approximately  like  any  other  target  having 
the  density  of  air.  The  front  of  the  jet  creates  a very  intense  . 
p-’r.'Ck  wave  with  an  evacuated  space  behind  it,  which  reduces  the 
ear  resistance  on  the  rest  of  the  particles  to  a negligibly  small 
entity . 
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Theory  of  Jet  Penetration  into  Target 

•In  the  variable  jet  case,  an  approximate  relation  for  aet tr- 
aining the  penetration  depth  as  a function  of  s can  be  obtained 
i’rom  (1*0.  It  is  necessary  to  neglect  any  changes  in  -velocity  caused 
by  the  internal  forces  acting  on  each  of  the  jet  particles  in  the 
time  interval  from  jet  formation  to  particle  impact  on'  the  target.* 

The  effective  jet  length  7 -increases  linearly  with  increase  of 
s,  since  it  is  known  that  the  velocity  gradient  along  the  jet  is 
approximately  constant.  The  ratio  of  the  effective  length  at. 
standoff  s to  the  length  at  s = 0 will  be  roughly 

i +*■*. 

where  ki  is  a constant  depending  on  the  velocity  gradient. 

For  particle  jets,  the  effective  jet  density  p'j  depends  on 

its  effective  length  7 and  effective  cross  section  area.  The 
effective  cross  section  area  of  the  jet  increases  with  standoff- 
s because  of  spreading.  If  large  forces  do  not  act  on  the  jet 
particles,  they  will  travel  in  a straight  line  and  the  radial 
spreading  will  depend  linearly  on  s.  If  the  radial  spreading  is 
symmetric  about  the  axis,  the  ratio  of  the  effective . Jet  radius  a, 
standoff  s to  the  jet  radius  at  s = 0 is  roughly  . : 

where  k2  is  a constant  determining  the  spreading  rate.  The  ratio 
of  the  effective  cross  section  area  at  standoff  s to  that  at  s = C, 
if  the  spreading  is  symmetric,  will  be 

0+M>. 


•This  simplification  is  not  serious  because  the  forces  acting 
on  the  Jet  particles  In  this  period  are  relatively  small.  The 
internal  forces  acting  during  the  ductile  drawing  process  change 
the  velocities  somewhat,  but  not  enough  to  seriously  affect  the 
rate  at  which  the  length  of  the  jet  changes,  which  is  what  we  are 
interested  in. 
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.he  spreading  is  somewhat  asymmetric,  this  relation  holds  less 
■'xactiy. 

Although  in  our  study  the  actual  jet  density  for  the  continuous 
jet  I-:,  constant  (Case  1),  the  effective-  density  may  decrease  w ! fh 
n rease  of  standoff  s because  of  waver  caused  by  faulty  ail. gnneu  .. 
For  lack  of  reliable  data  on  jet  waver,  we  may  assume  that  the 
'o'*-.*..  ir:ub*,.s  jets  waver  through  the  same  solid  angle  as  the  ■ part  tele  ' 
;jei»  spread.  The  ratio  of  the  effective  jet  density  due  to  spreading 
>r  wavering  at  standoff  s to  that  at  s = 0 is  roughly 


The  penetration  of  these  Jets  can  now  be  calculated  approximately 
f:  an  (i*‘).  For  Cases  i and  2,  we  have 


- p 


I**, » 

•t*V  ’ 


(15) 


; '.ere  i t.  is  the  penetration  at  s - 0.  For  particle  jets  (Case  3), 
for  which  A * 2,  the  penetration  is  roughly 

(16) 

where  Pi  is  the  value  of  P obtained  from  (15)  for  s = sV  (Si  Is  the 
ii-itance  at  which  the  jet  breaks  into  particles).  Generally,  each 
jet  passes,  in  succession,  through  the  stages  described  by  Cases  1, 
2 . and  3 , 


Curves  of  penetration  versus  standoff  can  be  plotted  using 
U5)  and  (16)  with  the  values  of  kp,  ka, ■ and  Si.  determined  from 
other  experiments.  However,  these  curves  cannot  be:  plotted  on  the 
bs'sls  of  (16)  alone.  At  low  standoff,  the  experimental  penetration 
increases  with  .. standoff  so  rapidly  that  It  is  necessary  to  postulate 
ductile  drawing  of  the  jet  to  explain  this  phenomenon. 
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Experimental  Studies  of  Relations  for  Determining  Velocity 

Equation  (9)  indicates  that  the  penetration  velocity  U depends 
only  on  the  target  material  density  p^.  and  does  not  depend  on  all 

the  other  target  properties.  Since  (9)  was  obtained  for  a steady- 
state  process  like  that  shown  in  Figure  15c,  it  cannot  be  strictly 
true  for  variable  jets.  However,  from  it  we  can  obtain  thq, 
approximate  average  values  of  Vj  and  U,  if  we  measure  the  velocity 

over  short  segments  on  which  the  jet  properties  vary  only  slightly 
during  the  entire  process.  In  comparing  the  results  with  different 
targets,  we  must  locate  the  targets  at  the  same  distance  from  stan- 
dard charges  so  that,  as  nearly  as  possible,  the  average  density  of 
the  penetrating  jet  will  be  the  same  for  each  target. 

Many  studies  have  been  made  with  targets  in  the  form  of  plates 

51  mm  thick  of  different  materials,  using  standard  charges  "with 

conical  steel  liner  (cone  base  diameter  41.5  mm,  apex  angle  ^5°, 

liner  thickness  0.9  mm)  and  standoff  152  mm.  A high  speed  rotating 

drum  camera  was  used  to  record  the  speed  just  before  and  just  after 

target  penetration  (V..  and  V,  , respectively)  and  the  time  required 

j d j a 

for  penetration.  The  average  jet  penetration  velocity  U during  the 
perforation  time  is 

Relation  (9)  can  be  written  as 


where  jjj|£g  depends  only  on  the  jet  density  for  a given  liner 
material . 
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If  the  ratio 


Figure  18.  Ratio  of  average 
j(et  velocity  to  average  pene- 
tration velocity  in  targets  of 
various  materials  for  standard 
o.harge  s . 

Crosses  show  results  of  indi- 
vidual te  :ts;  circles  are 
averaged  results  for  each 
material. 
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of  the  average  velocity  is  consider 
a function  of  /p^,  where  p„  Is  the 

•/  w 

target  density,  then  (17)  i r repre- 
sented by  a straight  line  (see 
Figure  18).  The  scatter  of  the 
individual  points  in  the  figure 
is  quite  large,  but  the  points 
(circles)  corresponding  to  th£ 
averages  for  each  of  the  targets 
lie  fairly  close  to  a st.r.jighr 
line,  whicn  as  would  be  expected 
from  (17),  passes  through  the 
point  (0,  1). 


The  scatter  of  the  individual  points  is  due  to  .the  variation 
of  the  Jet  density  caused  by  variation  of  the  spreading  or  rate  of 
elongation  of  the  Jet,  The  jet  spreading  variations  are  known  to 

nlay  the  primary  role.  At  a distance  of  15 20  cm  from  the  base 

of  the  cone,  we  can  find  the  average  value  of  Apj  (reciprocal  of 

the  square  of  the  slope)  from  the  slope  of  the  straight  line  in 
Figure  17-  The  average.,  maximal,  and  minimal  values  of  Apj  from 

Figure  17  are,  respectively,  3.0,  9-0,  and  1.4  g/cm4 , If  A is 
near  2 in  each  case,  the  jet  density  is  equal  to  1.5,  >,5,  and 
0.7  g/cm*,  respectively.  . These  density  values  should  be  compared 
With  the  density  of  steel,  equal  to  7.8  g/cm3.  The  value  4.5  g/cm4 
closest  to  the  density  of  steel  and  it  is  likely  that  this  jet 
acted  like  a continuous  jet  with  A less  than  2.  In  this  case, 
the  actual  density  is  greater  than  4,5  g/cm3. 


An  interesting  effect  was  noted  in  some  earlier  measurements 
of  Jet  velocities  from  charges  of  nearly  identical  shape  before 
and  after  they  perforated  a given  target  plate.  When  the  target 
w.iS  located  near  the  charge,  the  jet  velocity  after  perforation 
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was  less  than  when  the  charge  was  located  at  a greater  distance 
from  the  target.  For  charges  of  the  type  shown  in  Figure  2 but  with 
an  aluminum  liner,  the  velocity  after*  perforating  a mild  steel  plate 
51  mm  thick  at  152  mm  standoff  was  only  4600  m/sec,  whereas  in  the 
same  experiment  with  standoff  458  mm,  the  velocity  was  6300  m/sec. 

At  762  mm  standoff,  the  velocity  again  falls  to  6000  m/sec. 

This  rise  and  fall  of  the  jet  velocity  after  perforating  a 
given  plate  may  seem  surprising  at  first*  although  such  behavior 
of  the  velocity  should  be  expected  on  the  basis  of  the  discussion 
above.  The  velocity  is  measured  at  the  front  of  the  jet.  The- 
target  shortens  the  jet  by  removing  the  faster  particles  from  its 
front.  At  exit  from  the  plate,  the  jet  consists  of  slower  moving 
particles  and  the  observed  velocity  is  slower.  The  reduction  of 
the  observed  jet  velocity  after  plate  perforation  depends  on  the 
amount  of  material  which  the  target  removes  from  the  front  of  the 
jet.  The  more  jet  material  removed  by  the  target,  the  greater  is 
the  reduction  in  the  observed  velocity.  At  both  large  and  small 
standoffs,  jet  penetration  into  the  target  is  inefficient,  since 
the  major  part  of  its  mass  is  removed  by  the  target,  whereas  at 
optimal  standoff,  the  jet  penetration  is  most  efficient ; in  this 
case,  the  smallest  amount  of  material  is  removed.  Since  the  velocity 
gradient  is  nearly  constant  along  the  length  of  the  jet,  the  amount 
of  jet  material  removed  is  roughly  equal  to 


where  AV^  is  the  observed  velocity  reduction  and  v*— yH- . is  the 

difference  between  the  velocities  of  the  front  and  rear  parts  of 
the  jet . 

The  fraction  of  the  Jet  removed  by  the  target  at  a given  stand- 
off is  approximately  equal  to  b/P,  where  b is  the  plate  thickness 
and  P is  the  depth  to  which  a jet  of  the  same  charge  located  at  the 
same  distance  would  penetrate  a massive  target  of  the  same  material 
as  the  plate.  Roughly  then. 
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i.e.,  she  jet  velocity  reduction  caused  by  influence  of  the  target 
plate  is  inversely  proportional  to  the  jet  penetration  depth  into 
a massive  target  made  from  the  same  material  and  located  at  the  same 
distance  from  the  charge  as  the  plate.  Thus,  the  distance  at  which 
V..  is  smallest  should  equal  the  optimal  charge  standoff.  As 

mentioned  above,  this  has  been  observed  for  charges  with  conical 
aluminum  liner.  For  charges  with  other  liners,  the  situation  is 
net  so  clear,  possibly  because  of  inaccuracy  of  the  observations. 

Kerr-  Cell  Photography  of  High  Speed  Phenomena 

The  metal  jets  formed  from  shaped  charge  liners  [1]  propagate 
with  velocities  exceeding  7000  m/'sec.  Since  the  jets  are  less 
luminous  than  the  accompanying  explosion,  their  photography  by 
visible  light  is  very  difficult.  For  this  reason,  many  attempts 
to  photograph  shaped  charge  jet  travel  have  been  unsuccessful. 

The  first  satisfactory  photographs  were  obtained  in  1$49  (see 
Figure  9)  using  flash  radiography.  Visible  light  silhouette  ; 
photographs  have  been  obtained  by  synchronizing  a high  intensity 
light  source  (electrical  discharge  yielding  a brightness  of  3 — - 
5 • IG"  candlepower)  and  a Kerr  cell  shutter  with  the  phenomenon 
under  study.  To  obtain  the  details  of  the  fast  moving  jet  at  an 
object-to-lens  distance  of  90  — 1.80  cm,  the  exposure  time  must 
be  one  microsecond  or  less.  Since  it  is  necessary  to  use  special 
very  high  sensitivity,  i.e.,  large-grain,  film,  the  negative  must 
be  quite  large  to  preserve  the  jet  propagation  details.  This  is 
accomplished  by  using  a special  lens  with  focal  length  1-77.8  mm 
and  aperture  f/2.5.  The  aperture  is  reduced  slightly  by  the  Kerr 
cell  and  the  image  is  obtained  at  an  effective  aperture  of  f/4. 

Figure  1?  shows  1 schematic  of  the  experimental  setup.  The 
charge  is  exploded  in  a special  chamber  separated  from  the  obser- 
vation room  by  a heavy  reinforced  concrete  wall.  Portholes 
protected  by  special  bulletproof  glass  are  provided  in  the  bomb- 
proof chamber  walls  in  order  to  photograph  the  phenomena  accompanying 
the  explosion.  The  silhouette  of  the  phenomenon  is  imaged  on  a 
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Figure  19. ' Schematic  of  experimental  -setup  for  Kerr  cell  photography' 


diffusing  screen  backlighted,  by  the  electrical  discharge.  The  Kerr 
cell  camera  with  crossed  polaroids  transmits  light  only  during 
the  one  microsecond  interval  when  a 25  kV  pulse  Is  applied  to. its 
electrodes. 

Jets  Traveling  in  Air 

Attempts  to  photograph  the  high  speed  jets  in  visible  light- 
led  to  failure;  the  jets  were  not  visible  on  the  photos,  ouch  a 
picture  is  shown  in  Figure  20.  Only  a small  portion  of  the  jet. is 
visible  in  the  upper  part  of  the  picture;  the  remaining  jet  is  r;oi 
seen  because  of  the  dark  background.  Nor  were  imager,  of  the  jots 
obtained  or.  other  photos  until  the  light  source  was  made  so  brilliant 
that  the  dark  region  surrounding  the  jet  disappeared  arid  the  exposure 
was  so  short  that  it  was  possible  to  stop  the  notion. 

If  the  dark  region  at  the  tip  of  the  jet  is  magnified  several 
fold,  we  can  see  that  it  consists  of  a large  number  of  small 
particles  traveling  at  high  soeed  parallel  to  the  jet  and  vaporising 
continuously  because  of  their  rapid  motion  through  the  air.  To 
verify  this  conclusion,  photos  were  taken  of  jets  passing  through 
an  evacuated  glass  tube  in  which  tne  pressure  was  less  than  10  ' 
mm  Hg.  In  this  case,  the  dark  region  is  not  seen  at  all,  tlv  ... 
particles  are  too  small  to  be  visible  in  the  photo,  and  the  metal 
vapor  is  not  formed  in  the  absence  of  air.  Figure. 20  shows  a 
picture  of  a jet  formed  from  a copper  cone  with  flat  apex.  (in 
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Figure  20.  Jet  of  hui low  charge 
with  copper  cone  uner  wUh  flat 
anex.  We  see  only  a small  p<ai  t 

of  the  jet , the  rest  of  the  jet 
is  surrounded  by  a dark  regio 
consisting  of  particles  vaporised 
by  rapid  root*  on  of  the  «jet 
through  the  air. 


Figure  2J  . <5e-?;  of.  hollow  _ 

charge  with  roppe;-  •■one  l.J-bt-r 
with  truly  conical  apex.,  ioc 
region  surrounding  the  Je-  -1-’ 

F igure  20  i s ..  near  1 y el  1 m 1 na r e; 


by  rapid  motion  of  the  jet  :joas8  prcduction  it  is  difficult., 

through  the  a r.  u>  pt.oduce  conical  liners  with  - a 

truly  conical  pointed  apex.  However,  the  lack  of  a:  pointed  . apex 
is  primarily  responsible  for  the  appearance  of  tne  large  .clou  ^ 

seen  in  Figure  20.)  When  testing  a charge  with 

, . . *.1,  ,,  j p*.  nVmtoiiranh  shown  i n • .■  gur  c.  1 

liner,  machined  on  a lathe,  vl.w  -je  - . ° 

Z opined,  in  this  picture,  nearly  all  the  ;:et  l,  visa  e,  on. 
a small  part  In  the  vicinity  of  the  front  Is  ouscur.-d  bj  : ^ 

incandescent  metallic;  cloud  formed  by  the  rapid  motion  of  ,ne.  j-. 

through  the  air. 

Figures  22  and  23  show  pictures  (prior  to  and  after  explosi  n. 
of  jet  formation  from  two  hollow  lined  charges  detonated 

ously . 
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n! r •:  o.;.-v  ; bvtwoaii  the  . two';  regions  veeiii/ie-.V.  : 
pi*o;i  •.-a  .‘i'he.i r results  are  - s'hovr.  in  ?l|;up * 


a/’:'  25  shows : .the  -expl  csidii  c*f-  / two  cylindrical 
2'j.b  m *:pdi  arte  ter  placed  on  a steel  plate  no 
Para  ! let  with,  a distance  of  735  --1  P--.tv.eeri. -•> 
cylinders  were  detonated  simultaneously.  A - re 
c 3 n sed  by;  inter ference  betw  ten  t iv\  tv:.j 
visible.  ''Igure  26  shows,  the  indero at  ions  1 ’ 
ICi  .5  mm  ml  Id;  steel  plate  rafter  detonation  ■;  f. . 
the  tv/o  c.ireular  indentations  formed  from  Jet 
charge  sl  vrc  see  clearly;  it  he;  csivi  ty arising  as 
once  between  the  two  explosive  product,  regions 
«tv :!  i- :/  char act  ori aes  t he  order  of  ir.aghi  t ude  of 
4 his  the'  depth  is  3 — H rr.rn  and  appro;' 

t i *, he  expl-sion  of  the  . charges.  ' Figure  27 
of  a long  penPoi  Ite  oy  i Inder  dot  mapeci  sJmulha 

••  Te  * l * . /*  t An  .v»  v>  P. . v»  o ^ K 


Figure  26.  Damage  caused  in 
mild  steel  plate  by  pentolite 
charges  standing  on  the  plate; 
detonation  was  shown  in 
Figure  25- 


Figure  27 . Cylindrical  pentolite 
charge  detonated  simultaneously 
from  both  ends.  .... 


two  exolosive 


eg  ion's  i: 


located  within  t he.  -wb.  i ntersect- 
ing  cones  and  -a  -.'bright-  luminous. 

ring  is  visible. 


Photographs  of  Shock  Wave  and  Cracking  in  Target  Material 

High  speed  Kerr  cell  photography  was  used  to  study  shock  wave 
propagation  and  fracturing  obtained  in  targets  of  various  materials 
The  shock  wave  formed  from  explosion  in  water  of  a long  primacord 
charge  is  shown  in  Figure  28.  We  see  the  slowly  propagating  dark 
central  region  occupied  by  the  explosive  products.  Due  to  the 
presence  of  the  air-water  interface,  the  shock  wave  has  aefinte 
curvature.  From  such  photographs,  we  find  that  the  shock  wave 
propagation  velocity  in  water  ranges  from  2200  m/sec  near  the 
primacord  charge  to  1700  m/sec  some  distance  away  from  it . At 
still  greater  distance  from  the  charge,  the  shock  wave  velocity 
probably  approaches  the  velocity  of  sound  in  water  (14'50  m/sec). 

A similar  picture  of  a pentolite  charge  detonated  under  water  (not 
shown)  indicates  that  the  initial  shock  wave  velocity  from  the 
detonation  of  such  a charge  is  3200  m/sec. 

It  is  interesting  to  study  the  phenomena  occurring  in  , 

transparent  bodies  from  high  speed  jet  propagation  in  them.  For 
this  purpose,  152.4  x 152.4  x 31.8  mm  plexiglas  blocks  were  used. 
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Figure  2S.  Underwater  detona- 
tion of  primacord  charge. 

Detonation  wave  propagates  Figure  29.  Detonation  of.  small 

downward  with  velocity  £420  pentolite  charge  on  top  of 

::/sec.  152.4  X 152.4  x.  31.8  mm.  plexi- 

glas  slab.  Mote  'original  shock 
wave,  reflected  wave . arid 

Figure  29  shows  a picture  of  shattered  dark  region., 

such  a plcxiglas  block  after 

detonation  of  a cylindrical  pentolite  charge  on  its  surface.  The 
cylindrical  charge  was  placed  to  the  right  of  the  center  on  the 
152.4  x 31-83  mm  surface  so  that,  in  addition  to  the  original 
compression  wave,  we  see  the  expansion  wave  reflected  from  the 
right hand  face.  We  also  see,  in  the  picture,  the  initial  fracturing 
at  the  Instant  of  detonation. 

Since  the  detonation  wave  velocity  for  most  -.explosives  is 
well  known,  we  can  determine  the  shock  wave  velocities  in  transparent, 
todies  by  placing  the  charge  on  the  body  surface  in  a definite 
fashion  and  measuring  the  angle  between  the  surface  ana  the  shock 
wave.  Figure  30  shows  the  shock  wave  produced  by  detonation  of  a 
pentolite  charge  lying  on  the  upper  face  of  a plexiglas  block.  The 
shock  wave  velocity  varies  from  3400  to  2400  m/s.cc . The  lower  shock 
•wave  velocity  limit  agrees  with  the  value  of.  the  speed  of  sound.* 

*Protzman,  T.  E.  J.  Appl.  Phys . , Vol.  20,  1949,  p.  627. 


Figure  30 . Dei.onat.ioo  of  Figure  31.  Metal  jet  penetrat 

cylindrical  pentolite  charge  12.7  nun  .thick  • steel  plate..  No 

lying  on  Upper  . surface  of  plexi-  intense  spalling,  fro:::  the.  lower 
glas  slab.  . surface  of  the  plate.  . 


The  next  nix  figures  show  pictures  of  metal  jet  penetration 
into  various  materials.  In  Figure  31,  the  target  is  a 12.7  mm. 
thick  steel  plate. 


At  the  top  of  the  picture  we  see  the  region  occupied  by  the 
explosive  products;  this  region  is  moving  downward,  together  with 
the  rear  part  of  the  jet.  Near  the  steel  plate  in  the  vicinity 
of  the  point  where  the  jet  strikes  the  target,  we  see  another, 
cloud  formed  from  the  fine  particles  coming  from  the  target 
material.  The  pear  shaped  cloud  located  under  the  plate  consists 
of  a large  number  of  particles  spalled  from  the  steel  plate  and 
has  quite  high  density;  this  cloud  obscures  the  tip  of  the  jet 
emerging  from  the  steel  plate  through  the  hole  formed  in  the  plate. 


Figure  32  shows  a jet  penetrating  a glass  tank  fil  led  with 
water.  The  jet  velocity  in  the  water,  in  this  case,  is  about 
5000  m/sec.  Since  the  shock  wave  forms  an  angle  of  30°  with  the 
jet,  its  velocity  is  close  to  2500  m/sec,  i.e.',  1.7  times  the 
speed  of  sound  in  water.  The  jet  contour  is  not  visible  in  the 
picture,  since  the  liquid  near  the  jet  is  obviously  very  turbulent.. 
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Reproduced  from 
best  available  copy. 
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Figure  Met':,'  .jet  penetrating 

water;  the  .let  contour  cannot  be 
seen  since  the*-  liquid  near  the 
jet  is  extremely  turbulent. 


Figure  33.  fieta  i jot- penetrur:  ] 

Plexiglas.  ’ 


Figure  33:  shows  a Jet  penetrating'  a 152  Ji x-. , ibV . 5 x 3-3. 1 ram 
plexiglau  bloc!::.  The  region  above  the  tip  of  the  jet  is  opaque--, 
because  the  shock  wave  has  reached  the  lower  surface  of  the.  plexi- 
glas  and  the  resulting  reflected  wave  has  shattered  the  plexiglas 
in  this  region.  Tne  picture  indicates  that  the  strong  compression 
wave  does  not  shatter  the  plexiglas. 


Figure  3*i  shows  a picture  of  sequential 
plexiglas  and  glass  plates  31.8  mm  thick,  se 


jet  ponetra 
para  lei  by  J 


on  o f . 
'(  mm. 


Iri  the  plexiglas  plate,  we  see  a reflected  expansion  wave 
propagating  upward  from  the: lower  surface  and  complicating  somewhat 
the  cracking  pattern.  Within  the  glass,  the  jet  is  surrounded  by 
a transparent  region  which  is  clearly  bounded  by  a dark. line.  This 
dark  line  cannot  be  a chock  wave,  since  a shock  wave  has  a conical 
rather  than  cylindrical  form.  It  seems  probab le  that,  in  this 
region,  the  glass  has  melted  under  the  action  of  the  high  pressure 
produced  by  the  tip  of  the  . jet.  It  follows  from  the  energy  conser- 
vation law  that  the  glass  in  this  region  should  be  heated  to 


Figure  3:i-  Metal  jet  penetrating  ..Figure.  3S  • j'et  . pfnetra* 
two  identical  piexiglas  and  glass  plate  a t 1 no  1 c e .•  roe  ; a n g 1 < 
plates,  separate:  by  12.7' mn.. 


temperatures  .of  1C00  -—1500°  0.  If-'  this  -ass  tir.pt  I i-»n  Is  corrupt, 
the  dark  line  around'  the  Jet  Is  the  boundary  't'etweeu  soli;;  and 
molten  glass . 

Figure  35  shoes  -a  jet  entering  glass  at  an  incidence  angle  • :' 
20°.  The  boundary  between  the  solid  and  liquid,  glass  is  a gal.::  . 
evident.  Fracture  begins  at  the  lower  surface  of  the  glass  o.pcosf 
the  point  where  the  jet  enters  the  target,  therefore , the  shook 
wave  has  reached  the  lower  surface  and 'been  reflected  from  it . 

This  photo  shows  clearly  that,  when  the  jet  strikes  a target  of 
hard  material  like’  glass  at  a glancing  angle ,• the  jet  is  r.rt. 


deflected,  . The  experiments  also  show  that  ih* 


rp**.  fir-  r 


( I j.  P C i 5;  v 


when  it  enters  a target  of  even  the  hardest  steel  at  an  angle. 


Figure  36  shows  a picture  of,  a metal  jetpen-t: 
steel  targets;  here  the  targets  were  at  approximate- 
to  the  jet  direction . 
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Mew , Theory  of.  Jet  Formation  from 
•Shi bed.. CMPKes  with  Conical  Liner-:: 


While  the  theory  presentee 

1 v- r . 3-*  Photograph  of  metal  above  takes  into  account  the 

ts°  3-?  ;nra  increasing  length  of  the  Jet 

L.  i - x.  w .:cP.  I.  dI‘P,tr  {>  s . 

no  r*  • 1 ”!  1-  J -in  4_r  f*  V,,0  p V'',  p W1  vn  ♦*  p T *]  \f 

ih.  J -a  forma  a *5°  'angle,  with  ‘ -o^t-»nb  ex.,e,  - ...  n , y 

. the  targets.  The  slug  (on  the  discovered  'velocity  gradient  along 

V'fi  iraVfeI*  rff‘it'ly-3lowly  the  length  of  the  jet.  It  does  not 
a.iJi  docs  nor  participate  in  • . .. 

■ '■  penetration.  permit  satisfactory  explanation  of 

the  reason  for  the  occurrence  of 

this  gradient.  The  .jets  formed  from  the  shaped  cavity  liner  are 
vstnii. *y  rc-.-ch  longer  than  predicted  by  theory  and  contain  far.  more 
-at er mil  than  can  be  predicted  on  the  basis  .of  the  steady-state 
hydrodynamic  theory  presented  above.  While  the  behavior  of  the 
font  portions  of  the  jet  agrees  quite  well  with  the  theory,  the 
behavior  of  the  rear'  portions  does  not.  Flash .radiographs  of  the 
■sirst  at  ago  of  jet  formation  confirmed  the  predictions  of  hydro- 
ty  ramie  theory.  The  pictures  of  the  later  stages  show  a jet 
emerging  Trap  t.ne  end  of  the  slug  after  the  collapse  process  is 
rr:.;. ; ;tcd.  This  gave  rise  to  the  postulate  that  the  formation 
of  vhe  front  part  of  - the  jet  follows  the  steady-state  theory.’ while 
the  rear  parts  of  the  jet,  termed  the  "afterjet,”  are  formed  in  an 
*-.;f  traly  different  way,  possibly  an  extrusion  or  drawing  from  the 
s i **  forced  during  collapse.  The  existence  of  the  afterjet  can 
a :p lii in  why  a deep  hole  is  obtained  when  detonating-.,  the.,  charge  at  a 
large  distance  from  the  target . . - If  jet  formation  takes  place 
only  la  accordance  with  steady-state  theory,  the  penetration  depth 
will  b?  independent  of  the  standoff  and  for  a conical  steel  liner- 
jot  penetrating  a steel,  target  the  jet  length  will  be  equal  to  that 
of  the  cone  generator.  In  reality,  the  penetration  depth  exceeds 
*.ne  generator  length  by  two  to  four  times. 


The  present  version  of  this  theory  Visualizes . the  whole  jet 
5-  formed  by  one  single  continuous  process.  This  jet  formation 
•oeess  is  very  similar  .to  that,  postulated  previously  for  •-he  for- 
te Ion  of  the  front  part  of  the  jet.  The  formation  process  of  the 


jet  as  a whole  can  be  explained  by  adding  one  new  assumption  to 
the  steady-state  theory.  According  to  this  assumption,  the 
velocities  with  which  the  various  cone  liner  elements  collapse 
depend  on  the  original  position  of  the  element  on  the  surface  of 
the  cone.  The  collapse  velocities  decrease  continuously  from  the 
apex  to  the  base.*  The  velocities  decrease  very  slowly  near  the 
apex  but  considerably  faster  near  the  base.  This  is  expected, 
since  there  is  less  explosive  near  the  base  than  near  the  apex 
and  more  liner  material. 

The  decreasing  liner  element  collapse  velocity  as  the  liner 
is  swept  by  the  detonation  wave  is  the  reason  for  the  remarkable 
effect  of  greatly  increasing  jet  length  and  increase  of  the  metal 
mass  entering  the  jet. 

Qualitative  ideas  resulting  from  the  fact  of  variability  of 
the  collapse  velocities  can  be  obtained  on  the  basis  of  Figure  37  > 
if  we  recall  that  the  jet  velocity  and  mass  of  liner  metal  going 
into  the  jet  depend  on  the  angle  B between  the  collapsing  liner  arid 
the  cone  axis.  With  increase  of  B,  the  jet . velocity  decreases, but 
the  mass  of  metal  entering  the  jet  increases.  We  see  from  Figure 
37  that,  in  the  case  of  decreasing  collapse  velocities,  the  angle  6 
is  larger  than  in  the  constant  velocity  case.**  While  the  detonation 
wave  travels  the  distance  PQ,  the  liner  element  travels  from  P to  J 
(see  Figure  38).  The  element  originally  at  P'  begins  to  collapse 
later  and  with  lower  velocity;  therefore,  during  this  same  time,  it 
only  reaches  M.  In  the  constant  collapse  velocity  case,  it  would 
have  reached  N at  this  time.  Thus,  in  the  case  of  constant  liner 
collapse  velocities,  the  collapsed  surface  is  also  a cone:  JNQ  Is 

a straight  line.  In  the  case  of  variable  collapse  velocities,  the 
collapsed  surface  liner  JMQ  is  not  conical,  since  the  element  P ’ 
collapses  with  lower  velocity  than  the  element  P.  In  our  arguments, 
we  naturally  assume  that  the  liner  is  thin  and  that  neighboring 

*This  assumption  is  obvious;  however,  the  flash  radiographs 
were  thought  to  show  that  after jet  formation  could  not  be  explained 
so  simply.  However,  a remarkable  effect  of  the  velocity  gradient 
on  the  collapse  velocity  had  been  overlooked. 

**The  increase  of  the  angle  6 with  collapse  of  the  conical  iin-  :• 
is  shown  in  Figure  9. 


— Ut  - 


figure  37  • Cross.:- section 
crowing  conical  liner  -collapse 


Figure  33.  Velocity  vectors  < 
element,  of  collapsing  'conical, 
liner. 


elements  have  noTinf luence  on;  the  collapse  .velocity-  of  each  of  the 
infinitesimal •liner  element  Si  This  assumotion  is;  equivalent  to  the 
previous  assumption  that the  liner  metal  behaves  like  . a perfect 

f ; • it  - . i.  . ■ -.V  •'  . t 

itlUu.  • ...  . ••  : . • • . \. . - . .•  > 

A small  decrease- in  the  liner  element  collapse  velocity  may 
produce  a relatively  large  decrease  in  the  jet  velocity , since . this 
velocity  decreases  because  of  the  decrease  of  the  collapse  velocity 
and  because  of  increase  of  the  angle  3.  Thus,  a small  V0  gradient 


to  a larger  VI  gradient.. 


In  the  case  of  variable  liner  element  collapse  velocities,  it 
it  not  possible  to  select  a coordinate  system  in  which  the  process 
will  be  steady-state,  as  was  done  in  the  "case  of  constant  col? apse 
velocities'.  This  situation  is  not  a serious  handicap,  since,  moft 
•‘f  the  relations  needed  can  be  obtained  — just.,  as  . in  pne  steady- 
; rate  theory  — by  applying  the  laws  of  conservation;  of  mass,  energy 
and  momentum  to  the  individual  conical  liner  element  cut;  by  two  ■ 
planes  perpendicular  to  the  cone  axis.  Each  element  can.  be-  con- 
si.ip.red  independently  in  a separate  coordinate  system  moving  with 
the  appropriate  constant  velocity.  There  was  some  thought  that, 
the  detonation  wave  propagation  velocity  decreases  with  approach  of 
the-  wave  to  the  base  of  the  cone,  since  less  explosive  is  concen- 
trated near  the  base.  Careful  experiments, were  made  to  verify  these 
assumptions.  lie  changes  of  the  detonation  wave  velocity  bt  .were 
detected. 


V ^ 


Since  the  detonation  wave  velocity. Ud  is  constant,  the  impulse 

given  to  the  liner  elements  by  the  wave  can  be  studied  in  a single 
inertial  coordinate  system.  Consider  a coordinate  system  moving 
from  P to  Q (Figure  37)  with  the  constant  velocity  Uj  = b'd  sec  a. 

If  the  impulse  imparted  by  the  detonation  wave  to  unit  liner  mass 
is  constant,  a steady-state  motion  will  appear  in  this  coordinate 
system.  We  see  from  Figure  38  that,  in  this  coordinate  system,  the 
liner  will  leave  QP  downstream  of  the  detonation  wave  front  with  the 
velocity  Ui  and  travel  along  PA  with  this  same  velocity.  Since,  in 
this  coordinate  system,  the  resulting  detonation  wave  pressure  is 

t * 

everywhere  perpendicular  to  the  liner  direction  of  motion,  this 
pressure  can  change  only  the  direction,  but  not  the  magnitude  of 
the  liner  velocity.  In  Figure  38,  the  segment  QJ  is  parallel  to 
PA  and  equal  to  QP.  If  the  segments  QP  and  PJ  are  equal  in  magnitude 
to  Ui they  represent  in  the  moving  coordinate  system  the  liner 
element  velocities,  respectively,  as  the  wave  front  passes  through 
P and  during  the  further  motion  away  from  P.  The  vector  P.J  - V0 
is  the  collapsing  liner  element  velocity  in  the  moving  coordinate 
system  traveling  with  constant  velocity,  consequently  the  arguments 
presented  previously  can  be  used  here  as  well.  It  Is  evident  that 
the  liner  element  does  not  move  along  a line  forming  the  small  angle 
6 with  the  normal.  Referring  to  Figure  38,  we  see  that 


(13) 


In  the  case  of  decreasing  rather  than  constant  impulse  imparted 
by  the  wave  to  unit  liner  mass,  the  analysis  remains  the  same,  if 
we  assume  that  the  liner  elements  do  not  Interact  with  each  other 
during  collapse.  We  see  from  the  above  discussion  that  the  angle  6 
will  be  smaller  in  this  case.  The  variation  of  the  quantities  V9 
and  6 depends  on  the  charge  shape  and  the  original  position  of  the 
element  In  the  liner.  From  Figure  37,  we  have 


In  the  case  of  liner  collapse  with  constant  velocity  Vo,  the  angle 
S*  Is  equal  to  S. 
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Analysis'  of  the  phenomena  taking  place  cn  the  cone  ..xis  . 
no w .tore  -difficult',,  since  only  an  accelerated  coordinate  syst  -.-nt  car- 
i associated  with  the  liner  mass  - elements  concentrated  or.  \ :»■-  axis. 
From  the  analyses  made  in  the  constant  velocity  collapse  eao-,  we 
knov  that  each  mass  element  dm  splits  at  the  axis  into  two  parts. 

One  pact  dm^  of  the  mass  goes  into  the  jet,  the  other  part 

U ' 

goes  into  the  slug.  For  each  of  the  elements,  we  have  the  J'our‘ 
unknown  quantities 


and  v» 


w hers  V.  and  V are,  respectively,  the  velocities  of  dm.  and  dm  in 
J 5 0 s 

the  coordinate  system  moving  with  constant  velocity.  It  is  obvious 

from  symmetry  considerations  that  the  velocities  V«.  and  must  be 

per  - llel  to  the  axis.  To  find  the  four  unknown  quantities,  we 
have  three  relations:  the  equations  of  conservation  of  mass,  energy, 

and  momentum.  One  relation  Is  missing.  In  the  case  of  linear 
collapse  with  constant  velocity,  we  use  as  the  additional  relation 
the  Bernoulli  Integral,  which  cannot  be  used  In  the  case  of 
. '.r.iaole  collapse  velocities  in  the  accelerated  coordinate  system. 

Wo  take  a coordinate  system  moving  with  the  constant  velocity  Vi , 
equal  to  the  Instantaneous  velocity  of  the  liner  elements  meeting 
at  the  cone  axis.  On  the  cone  axis,  the  mass  element  dm  divides 
-r.to  two  mass  elements  dra^  and  dig,  which  travel  along  the  axis  in 

opposite  directions^  Let  these  elements  have  the  veli ties  v.  and 

J 

•v  , respectively,  in  relation  to  the  moving  coordinate  system,  where 
the  direction  of  the  velocity  Vi  is  considered  positive.  Then 

and  v.-v,*;-.. 


In  the  coordinate  system  adopted,  the  liner  element  dm  moves 
toward  the  axis  with  relative  velocity  parallel  to  the  liner  element 
surface.  Let  the  absolute  value  of  this  velocity  be  v.  If  V,  and  {$ 
are  the  same  for  all  elements,  as  In  the  moving  uniformly  coordinate 
system,  we  can  use  the  Bernoulli  integral  to  show  that  vg  = -v.  Let 


9 us  assume  that,  in  our  case  aLso, 

A vs  * "v*  since  this  assumption  is 

/ \ the  most  reasonable  of  all  the 

/ V possible  assumptions  relative  to 

yK  the  ^ePenc*ence  the  quantities 

f-  - t ^ vs  and 'v;- this  simply  means  that, 

Figure  39.  Relationship  of  as  the  llner  ele”,en';  r,asse“  trough 

velocity  vectors  of  liner  the  axis,  it  alters  the  direction 

elements  joining  at  cone  axis.  but  not  the  magnltude  of  lts 

velocity.  Prom  the  energy  conservation  law,  we  obtain  v^  * v,  thus 


(19) 


The  geometric  relation  of  the  velocity  vectors  for  the  motion  of 
the  liner  elements  meeting  on  the  axis  is  shown  in  Figure  39.  The 
cone  axis  coincides  with  JR,  and  OJ  is  the  liner  element  moving 
toward  the  axis.  This  element  has  the  velocity  dk  * V0  in  the 
stationary  coordinates  and  the  velocity  oil  « v in  the  moving 
coordinates.  The  velocity  of  the  moving  coordinates  is  jfc  = 

By  the  law  of  sines,  we  have  from  Figure  39 


(20) 


(21) 


The  absolute  velocities  of  the  Jet  and  slug  are,  respectively , 

Vi-*, +«>-*,+• 


V,m¥t49jmVr+- 

Substituting  herein  (20)  and  (21)  and  making  some  simplifica- 
tions, we  obtain  the  expressions  for  the  velocities  of  the  Jet  and 
slug  elements 


hi  _ 

-j-Bil' lJ  *—  t) 

( 2 2 ) 

:tr;  1 

v.-vjk  ;*«,(» +i-  \). 

(23) 

: n the  special  case  when  the  liner  collapse  velocity  Vo 
•-he  angle  *«=>*•  *+&  is  also  constant  and  we  have 

is  constant. 

\-o*  -J 

(?a) 

and 

' (3a) 

These  two  relations  are  identical  with  (2)  and  (3) 

, although 

written  in  a somewhat  simpler  form. 

fcfe  can  eliminate  5 from  (22)  and  (23)  with  the  aid 

of  (13), 

which  yields 

17-  Vfmx  5 4-  ; • 

(2k) 

V,-Vjk  l tUt  {•— J 4-arcwi 

(25) 

'r:te.se  relations  are  valid  both  in  the  steady-state  ease 

when  V0  is 

the  same  for  all  liner  elements  and  in  the  nonsteady  case  when  V(, 
nas  different  values  for  different  liner  elements.  However,  in 

trie  steady^state  case,  the  angle  3 can  be  expressed  in 

terms  of  0, 

V,,  and  V0,  -and  will  not  appear  in  the  relations  for 

and  V . 
s 

/ 

si  ; 

Two  of  the  four  unknowns,  dm. /dm  and  dm  /dm,  remain  to  be 

J s 

calculated.  As  in  the  steady-state  case,  they  can  be  found  by  using 
conservation  of  mass 

and  conservation  of  momentum 

or,  since  = -vg  = v. 

We  finally  obtain  the  relations 

*-■**■*  (26) 

and 


(27) 

which  are  identical  with  the  relations  (*J)  obtained  in  the  steady 
state  case. 

We  see  from  (26)  and  (27)  how  the  mass  of  the  conical  liner 
elements  divides  between  the  Jet  and  the  slug,  and  from  (2^)  and 
(25),  we  find  the  velocities  of  the  jet  and  slug  elements.  The 
quantities  of  Interest  are  defined  as  functions  of  constant  quanti- 
ties: * U£  cos  a — the  detonation  wave  propagation  velocity; 

and  also  variable  quantities:  V„  — the  collapse  velocity,  and  0 — 

the  angle  between  the  tangent  to  the  collapsing  cone  surface  and  the 
axis.  The  collapse  velocity  V„  depends  on  the  magnitude  of  the 
impulse  given  by  the  detonation  wave  to  the  liner  element.  No 
relation  has  yet  been  given  for  determining  0.  In  the  steady  state 
case,  it  was  previously  assumed  that  the  collapsing  liner  remains 
conical  but  the  angle  at  the  apex  of  the  collapsed  liner  is  greater 
than  for  the  original  cone.  In  this  case,  the  collapsed  liner 
section  contour  coincides  with  the  dashed  straight  line  JQ  and  the 
angle  0*  can  be  determined  from  simple  trigonometry.  In  the  case  of 
variable  velocity  Vo,  the  collapsed  liner  section  contour  is  a curve 
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similar  to  J74Q  (see  Figure  37)  (the  curved  surface  o-f  the  collapsed 
core  can  be  seen  in  Figure  9).  Thus,  & depends  on  the  shape  of  the 
collapsing  liner  near  J.  Let  M (Figure  37)  have  the  cylindrical 
coordinates  (r,  z)  and  P,  the  original  position  of  M on  the  liner, 
have  the  coordinates  »*•«*-*» 

Then 

l-x+V  U-T)vn  A, 

( 2 3 V 

and 

r*-*l*»  - VJf-T)  «•«  V , ,.n  v 


where  t is  the  time  elapsed  since  the  detonation  wave  passed  the 
cone  apex,  T * x/U,j  * */0j  cos  a and  A*  * a ♦ 6.  The  slope  of  the 

collapsing  liner  contour  to  the  axis  at  any  given  time  can  be  deter 
^Ined  by  differentiating  r with  respect  to  z for  constant  t.  Since 

*mwwmr4*' 


V*  ^ 


we  have  from  (12) 


£-5r{^'  V.«-n  c*  At*  V r»i  ?'  + V A,  ir  - f)  m<i  tj 


( 30} 


where 


v.m*r  and  4,-"v 


Differentiating  (28)  with  respect  to  z, 


•*  S (« -V.M -TltinA,- + V.A,  <l  1,  | . 


(31) 


From  (31),  with  the  aid  of  (30),  we  obtain  the  slope  of  the 
collapsing  liner  to  the  axis  at  any  time 

» W«-Vjr-T)w + M, (( - f)  tin  4, 

* « ♦ v;(f  -n  * + »vr  (» - n«<*  4,  ^ 


/ 


Substituting  r * 9 into  (12),  we  obtain  the  time  when  the  given 
element  reaches  the  axis 


i-r.jjt-. 


(33) 


After  substituting  (33)  into  (32),  we  obtain 

£L-» 

Before  making  this  substitution,  it  is  desirable  to  make  some 
simplifications.  From  (18),  we  have 

l’.  % * 

Differentiating  with  respect  to  x,  we  obtain 


**«u«j.*  or  r m n;aA' 


(3*0 


Substituting  (13),  (33),  and  (3*0  into  (32),  we  obtain  the 
simple  formula 

— r*. 


Since  the  angle  8*  is  the  value  of  the  angle  6 which  is  obtained  for 
Vj  » 0,  we  have,  from  Figure  37,  *-r-»  and  m,  t-m  , and  the  last 
equation  can  be  simplified  still  further;  we  obtain 


III. . 


( 35 ) 


The  expressions  in  parentheses  in  the  numerator  and  denominator  of 
(35)  are  positive,  if  the  cone  angle  2a  does  not  exceed  markedly 
the  value  normally  used  in  the  charges.  Therefore,  when  the  collapse 
velocity  decreases  from  the  apex  to  the  base  of  the  cone,  i.e.,  when 
the  derivative  v£  is  negative,  the  angle  3 is  greater  than  B*.  'We 


see  from  (2*0  and  (26)  that,  with  increase  of  the  angle  H,  th ,j  *:  :* 
velocity  decreases  and  the  proportion  of  the  liner  mas:>  entering 
the  jet  increases. 

New  we  can  explain  why  the  pictures  of  the  late  stages  of  jet 
formation  seem  to  show  the  jet  issuing  from  the  slug  long  after 
completion  of  the  collapse  process.  This  illusion  is  creat'd  by 
the  fact  that  the  last-formed  jet  and  slug  elements  travel  at  the 
name  velocity  and  by  the  fact  that  all  the  jet  elements  tend  ro 
elongate  because  of  the  presence  of  the  velocity  gradient  along 
the  jet  length.  The  last-formed  jet  ana  slug  elements  come  from 
liner  elements  near  the  base  of  the  conical  cavity.  In  this 
region,  Vo  « 2U  and  V0  « xVj  for  charges  of  the  type  considered. 

Vsihg  .,hese  approximations,  we  obtain  from  (18;,  (2^),  (2b) , and 

the  following  approximate  relations : and 

i.e.  . the  last-formed  Jet  and  slug  elements1  travel  with  approximately 
*•  he  same  velocities. 

Thus,  the  formation  of  the  entire  jet  (including  the  after jet ) 
from  - .charges  With  lined  conical  cavity  is  explained  by  a very 
simple  extension  of  the  previously  developed  steady  state  hydro- 
dynamic  theory. 

Note  on. Cylindrical  Shell  Collapse 

Or  the  basis  of  dynamical  considerations,  we  can  -•v.jurae  that, 
when  a cylindrical  liquid  shell  contracts  radially  wriit  retaining 
ferny  very  high  velocities  and  pressures  should  arise  -rid  the 
velocity  of  the  outer  shell  surface  should  tend  to  diminish  and  that 
cf  thc'  inner  surface  increase. 


It  seems  probable  that  study  of  cylindrical  liquid  shell 
collapse  may  be  of  some  assistance  in  studying  the  collapse  of 
cylindrical  and  possibly  conical  shaped  charge  metal  liners.  The 
collapse  of  such  shells  was  examined  above  from  the  viewpoint  of 
hydrodynamics  without  account  for  some  details,  such  a?  the  instan- 
taneous deoendence  of  the  Dressure  on  the  radial  coordinate. 


We  shall  consider  cylindrical  shells  of  ideal  incompressible 
fluid  whose  collapse  takes  place  only  in  the  radial  direction 
(motion  along  the  shell  axis  is  not  considered). 

We  consider  a quite  long  liquid  cylindrical  shell  with  external 
radius  r*  and  internal  radius  and  mass  m per  unit  length.  The 
quantity 

'l-'l-'l  * 

remains  constant  as  the  shell  contracts,  since  the  liquid  is 
assumed  incompressible  and  the  motion  is  only  radial.  We  denote 
the  ratio  r2/r0  by  x.  The  kinetic  energy  per  unit  shell  length 

is  conserved,  if  the  shell  is  subjected  to  the  action  of  only  radial 
contraction  and  does  not  change  shape.  Any  shell  element  can  be 
characterized  by  a Lagrange  hydrodynamic  coordinate  y,  equal  to  the 
mass  of  the  shell  material  referred  to  unit  length  and  contained 
between  the  outer  surface  of  the  shell  and  an  inner  coaxial  cylinder 
passing  through  the  given  element.  The  velocity  of  any  shell  element 
characterized  by  a particular  value  of  y is 

We  see  from  this  expression  that,  as  x approaches  1,  the  inner  shell 
surface  velocity  approaches  infinity  and  the  velocity  of  the  other 
elements  approaches  zero.  It  follows  that,  during  radial  contrac- 
tion of  the  cylindrical  shell  without  change  of  its  shape,  the 
kinetic  energy  per  unit  mass  concentrates  along  the  direction 
toward  the  shell  axis. 

It  may  be  shown  readily  that  the  pressure  is  zero  at  the  outer 
and  inner  surfaces  of  the  shell  and  has  a maximal  value  for 
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The  maximum  pressure  is  reached  approximately  at'  mid-thickness 
iu  the  free  shell  case  and  approaches  the  inner  surface  in  the- 
contracting  shell  case.  If  the  internal  and  external  pressures  are 
aero,  the  pressure-  distribution  within  the  shell  is  given  bv  the 
formula 


V.\-  see  that  very  high  pressures  can  be  reached. 

The  shell  element  velocities  and  pressures  can  be  calculated , 
if  a constant  pressure  p acts  on  the  initially  free  outer  surface 
of  the  shell  and  the  inner  surface  is  free  from  the  action  of  any 
pressure.  The  radial  velocity  of  a shell  element  will  be 


where  x0  is  the  intlal  value  of  x,  and  the  pressure  is  given  by 
the  formula 


K 


■f  . *" »»— fy  m , tl~ »«  I 

L ->_i  J 


The  pressure  is  maximal  for 


-*•-  ■ 


•V-IM-Hh-, 


*■-1 


j’— J*-*V*— '!  i — 


Tc  Illustrate  the  preceding  general  results,  we  take  a specific 
example.  Let  p = 1011  dynes/cm2,  vz  - 2 cm,  r0  = 1 cm,  and  the 
liquid  shell  has  the  density  of  steel,  i.e.  , m = 24,0  g.  Then, 

"or  x = 1.01,  the  max  .mal  pressure  is  reached  for  p/rn  = 0.937  and 
is  equal  to  15*6  * 1011  dynes/cm*,  which  is  sixteen  times  greater 
tr.an  the  external  pressure.  The  maximal  velocity  is  reached  at  the 
inner  surface  and  is  equal  to  about  9.84  • 10 5 cm/sec. 


Figure  40.  Pressure  distribu- 
tion in  radially  contracting 
cylindrical  liquid  shell  sub- 
jected to  pressure  on  outer 
surface. 


In  this  example,  the  initial 
shell  inner  radius  was  taken  as 
1.73  cm,  and  at  the  stage  of 
contraction  considered,  the  external 
and  internal  surface  radii  are, 
respectively 0. 14  and  1.01  cm. 

The  pressure  has  a maximum  at  0.29 

«» 

cm  from  the  axis  (Figure  40). 


We  can  assume  that,  for  a shell 
of  any  real  compressible  liquid, 
the  pressures  and  velocities  will  be  less  than  in  the  case  of  a 
shell  of  ideal  incompressible  liquid.  As  a result  of  the  elastic 
and  plastic  properties,  the  behavior  of  a metallic  shell  will 
differ  even  more  from  the  behavior  of  the  ideal  liquid  shell.  The 
magnitude  of  this  deviation  cannot  be  predicted  at  the  present  time. 


Experimental  Verification  of  New  Theory  of  Jet  Formation  in  Shaped 
Charges  with  Conical  Liners 

The  experimental  study  reported  herein  was  undertaken  to  verify 
a new  theory  of  Jet  formation  from  charges  with  lined  conical 
cavities.  This  new  theory  and  the  studies  described  in  the  begin- 
ning of  the  present  paper  yield  a complete  picture  of  the  subject 
phenomenon. 

In  the  new  theory  of  jet  formation,  it  is  assumed  that  dm,  V0, 
dms,  dra^,  Vs>  and  Vj  depend  on  the  position  of  the  subject  zonal 

element  on  the  surface  of  the  cone,  1. e.,  they  are  functions  of  x 
— the  distance  of  the  zonal  element  plane  from  the  apex,  measured 
along  the  axis.  Thus,  we  examine  a conical  shell  element  of  mass 
dm  between  two  planes  perpendicular  to  the  axis  located  at  the  dis- 
tances x and  x + dx  from  the  apex.  The  values  of  m,  in  , and  m'  ran 

s J 

be  found  with  the  aid  of  the  integrals,  respectively,  of  dm,  dm  , 

s 

and  dmj,  taken  in  the  limits  from  x * 0 to  x. 
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obtained  above  the  four  indeoende:;. 


*lgure  *»1.  Cross  section 
if  standard  charge. 


relations  0 3),  (2*0 ; (27  V,  and  ( '3 
With  the  aid  of  two  of  these  four- 
relations,  we  can  express  two qua n 
titles  as  functions  of  the  third, 
.institute  the  resulting  relations  into  the  remaining  two,  and 
tbtain  two  independent  relations  for  the  third  unknown  quantity.  I 
rr.-.c-  basic  assumptions  of  the  theory  are  sound,  the  two  sets  of 
Lillies  obtained  for  the  third  unknown  from  these  two  relations 
thou Id  te  the  same. 


For  experimental  verification  of  the  theory,  we  selected  the 
function  3 as  the  third  quantity,,  since  it  can  be  determined  quite 
•simply  from  (27)  and  (35)  after  substituting  therein  the  values  of 
and.  7,  from  *‘l3)  and  (2*0.  Since  A = a . + 5,  the  quantity  3 does  • 
.T>t  appear  is.  the  right  sides  of  (27)  and  (35)-  We  can  obtain  3 
-tir-v-tly  from  experimental  data  with  the  aid  of  (27).  The  experi- 
n.nta],  determination  of  8 using  (35)  is  more  difficult. 


in  order  to  exclude  the  velocity  V0.  from  (35),  we  substitute  o 
and  B from  (18)  and  (27)  into  (2*0,  then  from  the  resulting 
•expression,  we  find  V0  and  substitute  it  into  (35). 

Experiments  have  been  performed  with  a number  of  different 
charge  types;  however,  in  the  following,  we  present  data  relating 
vnly  to  charges  of  the  type  shown  in  Figure  *41.  The  experiments, 
ubow  that  the  conclusions  derived  here  are  also  valid  for  charges 
af  the  other  types.  The  charge  shown  in  Figure  *41  consists  of  a 
cylinder  of  cast  50/50  pentolite  weighing  about  227  g and  a steel 

u 


conical  liner  whose  apex  angle  is 
(a  = 22°)  and  wall  thickness  is 
0. 9 mm.  The  charge  is  boosted  by 
a 30  gram  pressed  tetryl  pellet 
and  initiated  by  an  electric 
blasting  cap. 


Figure  1*2.  Photographs  of: 

a-  grooved  conical  liner  for 
slug  recovery  after  charge 
detonation;  b-  elements  of 
recovered  slug;,  disintegra- 
ted during  detonation  of 
charge  with  liner  prepared  as 
s'novm  In  a;  c-  whole  recovered 
slug  formed  during  detonation 
of  charge  with  ungrooved 
conical  steel  liner. 


The  mass  dm  of  a zona*l  element 
is  determined  by  the  liner  design 
and  can  be  calculated  with  reasonable 
accuracy.  However,  to  avoid  errors 

f ‘ 

due  to  lack  of  precision  in  the 
manufacture  of  the  liner,  specimens 
of  the  charge  were  sectioned  at 
accurately  determined  Intervals  and 


each  section  was  weighed  individually.  This  determination  of  the 


elementary  mass  dm  yields  an  accuracy  better  than  1!S. 


The  values  of  dm  as  a function  of  x were  determined  experi- 

s 

mentally  very  simply.  Before  lining  the  charge,  the  conical  liner 
was  cut  into  individual  rings  of  the  sane  width  or  grooves  were 
made  at  regular  intervals  along  the  axis.  Then  the  charge  was  fired 
in  a deep  container  of  water.  After  firing  the  charges  with  either 
sectioned  or  grooved  liners,  the  slug,  disintegrated  into  individual 
elements  corresponding  to  the  liner  elements,  was  recovered  from  the 
container  (see  [1]).  Figure  U2  shows  a grooved  conical  liner,  the 
slug  sections  recovered  after  firing  a charge  with  this  liner,  ana 
the  one-piece  slug  formed  when  firing  a charge  with  ungrooved  conical 
liner. 

While  the  slug  elements  can  be  weighed  to  within  10-4  g, 
because  of  statistical  fluctuations,  the  precision  of  the  determina- 
tion of  their  weight  varied  from  about  33  for  the  elements  formed 
from  the  parts  located  near  the  liner  apex  to  0.33  for  the  elements 
formed  from  the  parts  located  nearer  the  base.  Quite  different- 
weight  values  are  obtained  for  the  slug  elements  formed  from  the 
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; i t for  a given  vxploslw.  However,  there  is  evidence  that 
■ t-  *.  ..nation  wave  velocity  is  lower  in  thin  sticks  of  exr  v* 
s:  - n! ' s:l:k.*.  Since  the  belt  of  explosive  around  -he 


. ’I ner  gradually  becomes  thinner  f:vr.  the  are.x  * t:.c- 


f Lens 
Film  drum 


==] 


I] 


pro pa gal 

5 •'si'*;  «i ' ' 


siactery  aata  were  c r. •. a 
acnic  record  is.  made  of 
by  means  of  a rotating 
shown  in  Figure  dd  and 

< miAvi  4 r.  r Vi-  .*»  c. 


;ne  axis  oi  :ne  lesr,  enarg£< 


■ v»  ju.  r?  • ■ 


wave  sweeps  along  the  film  and  thus  permits  measuring  the  time 
ale nr  the  axis  oercendicular  to  the  direction  of  travel  of  the 


1 'iriStion  * • ■ 2 v~  4 r.ag^ . • no  c 2?  *7  ci  n o ^ ^ sr 
Lien  7 from  tr*s  d'BZ cr.a^ ini  chsr^6  is  Lirr.  it£i  cv  3 

«- v ^ ^ -rc.  0 2 ^ - 1 ' - J v 2 a ? f '"r  - g - ..  « ^ r 

J c > V\  ^ * »*  .n.  v*  Vs  i c '•«  o»r.  '1  •’**■?  v*  w,*»  v>  **  - •*  c w * r*  >-*  to  v* 

— >->w  , i . L/I.l  « ..  V W «_-  w ~ . «*  V - . «-L  * A V * - J *v;!j  il  . . 


.*»  • ^ 

- _ 1... , 


t ; 1 ^ ••  t^,  T ji  “*  .■> 


...  ..  ~ - 


detonation  wave  trace.  The  mirror  rotational  velocity  car.  he  vav>'  - ' 
from  tO  rps  tc  o TO  rps,  and  can  be  measured  to  within 

"'fi  v*  w o ' vt»^  ^ n .**  c***.  ^ vn  •"*  * 1 •"■a  * 3 • T ^ *•'"•  /’.cn.o  ■ 11  ? ^ ro  o ■ ’ .t  ^ c 

•■  • •■  ^ . -m.  S mm.  . * **■.  ■ is.  — w '^4  w • i U . * t > ^ «i>l  « M » • .»  «4...  «Jwwv.  • . . . ^ .tier  M O U . v..f 

q vi  hi  ***.  p ■**  hi  'i,J  ••  h *-  r>  4*  "*  P ; ”**•  oa  «,*cc'  »vic»n  — »*»  *•  c cV  * *.*ua  S v>  .-  *-  ■*- 

— - ^ i.c*  v»c  ••  — ^ ;;wwu.  at;.  — x • v • *.*w  ...tt-iLo-.*-  io. ..tr  u ^ 

v -,  — r\  v>  c ■*-  ■*  vn  Mflvo  " -s />  4 — -f  **rtw  c -v  j:  c.  ^ A"*  ’•*  >yji  — **»*.. ~ cj’.'-N'.'n  ■*  *-  ~ -*  _-»•  ^v. 

i^.-  v w .*»  v-*.  » v > \Jv  ■.  ^ k<  * v»  • «.  i.  . *C»  • **  - r - v . . - -%j  t~  - *-  ••'>  • • • . a..  - — •»  % 

__  >v*  S -^  *^*  ^ * ■*  ; 1 f ^ V ' ^ O 3 ^ 1*^  J **'■*  -«  a v*  •■  <*?-.*r*  <!*•'*  m \ * - *'  *■  V».  ~ t - ^ -%,•■%■*  *“ 


v.’ i 7 3 tt r* 3 c 2. sr s. i i i r.  o i*  7 i7 c v.’ aV6  n 6 3 r1  ir.f  ■ t-Sr  7 i'  3 i* v monies 


t • - .-  £0.  -** 


Vi  -. r-  ^ « vo  " lie  •*  - vi  vt  ’?a'  ***  v> <~\ v>  >Oi  t" d5  *n c ■*•  •*  ,m  s »•. i v •-•me  *<  .^ •*  i ^ o.  ^ 

• . W 4 . • . W c If  ««  mm.  >X  t * V . II  ^ • w y A v W»  ^ V W • • . . W .«  . ' W . » » — « ».  •.  • • • ’ »•  »—  »,•  u W •.  . . .*• 

“ *-,  ■ g vi  ■»c»*  a 5 t * • ”•  i — p c r*  " * '**  e ^ v*.  •>  jo  >*  ar  * *’  -.- 

. • • W I >1  u v mmm  A i C*  V 4.  »«»••  W •’  .1  U*  J *•  W 4 . a ll  v W . • 4 v ■ • V - ••  » a > . * 


I + 


w 


Figure  4r>a.‘  Schematic  of* 
experiment  for  determining  jet 
velocity -and  typical  jet  front 
trace.  Horizontal  black  streaks 
pre  produced  by  calibration  tapes. 
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trace. 


The  average  detonation  wave  velocity  for  the  . charge  type 
studied  determined  from  experiment  was  7b ) 0 m/ser  to  within  1 l.nf. . 


The  rotating  mirror  camera  just  described  can  be  used . to  measure 
the  jet  front  velocity.  The  jet  travels  very  fast  and  when  i.i  travels 
in  air,  the  jet  front  is  accompanied  by  a luminous  shock  wave  (see 
Figures  21  and  ?•*),  which  can  be  recorded  on  film  In  ‘.he  sane  manner 
as  the  detonation  wave  is  recorded.  Since  different  jet  elements 
have  different  velocities,,  it  is  necessary  to  determine .the  velocity 
of  each  element.  To  this  end,  the  jet  was  passed  through  targets 
of  different  thickness  before  recording  Its  v*. levity.  When  a jet 
perforates  a target,  the  elements  located  at  its  front  are  retained, 
by  the  target  as  they  strike  it,  while  the  elements  fei  'towing  behind 
’’...'ss  through  the.  target  material  practically  undisturbed.  The 
velocity  of  the  remaining • part  of  the  jet  is "then  - recorded'  by  the 
camera.  The  velocities  of  different  jet  elements  were  recorded 
after  the  jet  penetrated  targets  of  . different  thicknesses.  A typim  ‘ 
picture  obtained  after  snooting  a jet  through  a single  target  is 
shown  in  figure  46a.  If  we  desire  to  determine  the  ye']  ’city  .of  «-a-:P 
jet  element,  we  can  shoot  a single  jet  through  a series  of  t Mr 
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Velocity  of  front  of  remaining  jet 


Figure  47.  Experimental  correla- 
tion of  mass  of  unused  (remaining) 
part  of  jet  m_  and  its  front 
velocity.  rem 

0-  inidividual  observations;  •- 
average. 


Figure  48.  Calculated  depen- 
dence of  jet  element,  velocity 
Vj  on  initial  position  x of 

corresponding  liner  element  on 
parent  cone. 


targets  located  at  some  distance 
from  one  another  and  record  the 
jet  front  velocity  after  passing 
through  each  of  these  targets.  Velocities  recorded  in  this  way  are 
shown  in  Figure  46b,  from  which  we  clearly  see  that  the  leading  jet 
elements  travel  faster  than  the  trailing  elements. 


However,  the  target  superposition  method  cannot  be  used  to 
determine  the  jet  element  velocity  dependence  on  the  position  on  the 
liner  of  the  zonal  element  from  which  the  given  jet  element  was 
formed.  In  order  to  establish  this  important  dependence,  it  is 
necessary  to  shoot  the  jet  through  a single  target  and  then  determinea 
by  simple  weighing,  the  mass  of  the  jet  elements  which  have  passed 
through  the  target.  The  mass  of  an  individual  jet  element  can  be 

found  as  the  difference  between  the  total  jet  mass  and  the  mass  of 
its  elements  which  have  passed  through  the  target.  The  velocity  of 
the  mass  m^  is  Vj  and  is  recorded  by  the  camera.  Using  targets  of 

different  thickness,  the  velocity  Vj  and  the  corresponding  masses  m^ 

of  the  various  jet  elements  were  determined.  The  dependence  of  on 

was  thus  found.  Using  the  averaged  m^Ox)  curve  shown  in  Figure  43, 

we  can  determine  (x) . Figure  47  shows  Vj  as  a function  of  the, 

jet  mass  which  has  passed  through  the  target  and  Figure  48  shows 

V.  as  a function  of  x. 

- (>1 


In  principle,  the  proet-  i are- 
for  determining  V ^ ( x ) is  simple. 

but  collection  of  the  jet  particle:* 
after  the  explosion  is  exceedingly 
difficult  because  of  the  high  pene- 


Figure 49.  Calculated  slope  of 
collapsed  liner  as  function  of 
position  x of  corresponding 
liner  element  on  parent  cone. 


trating  ability  of  the  jet  and  the 
tremendlous  radial  stresses  arising 
as  the  jet  propagates  In  any  medium. 


Initially,  water  was  used  as  the  medium  for  collecting  the  jet 
particles.  In  later  experiments,  the  jet  particles  were  collected 

• ' • ■/  • t • 

more  conveniently  and  simply  in  cylinders  of  ice.  In  either  case. 


it  was  necessary  to  use  several  gallons  of  water  to  collect  jet 
particles  weighing  about  six  grams  and  gaving  dimensions  from  0.01 
to  1 ram.  In  order  to  determine  the  jet  mas's,  . the' water  was  carefully 
filtered  and  subjected  to  quantitative  chemical  analysis.  The  tar- 
gets used  to  remove  the  leading  elements  of  the  jet  were  naturally 
made  from  a material  differing  from  the  jet  material.  The  experiment, 
required  considerable  care  to  prevent  loss  of  any  of  the  jet  particles 
and  avoid  contamination  of  the  specimen.  The  experimental  error 
of  the  jet  collection  experiments  cannot  be  evaluated  accurately, 
but  probably  amounts  to  about  4?!. 


We  see  from  (27)  that  the  slope  of  the  m versus  m curve'  (see 

5 

Figure  43)  is  equal  to  cos2 S/2 . The  curve  of  S versus  x obtained  on 
the  basis  of  this  relation  is  plotted  in  Figure  15 1 • It  is  difficult  • 
to  differentiate  an  experimental  curve  with  a high  ./.degree  of  accuracy. 
To  gain  all  the  accuracy  possible  from  the  data',  • d fifth  degree 
•polynomial  was  used  to  approximate  the  curve  of  Figure  43,  using  the 
least  squares  technique*  and  the.  values  of  $ were  determined  by 
direct  differentiation. 

*Birge,  R.  Rev..  Mod.  Phys. , Vol . 19,  1947,  pp . 29$  - 360- 


The  Vj-(x)  and  B(x)  curves 

shown  In  Figures  48  and  49  play 
a secondary  role;  they  are  . 
necessary  only  for  determining 
Vo(x)  with  the  aid  of  (24). 

The  final  result  of  this  part 
V„  on  element  position  x on  parent  of  the  experimental  study  is 
c0ne‘  shown  in  Figure  5.0,  which 

displays  a curve  of  V0  versus  x.  These  values  of  V0(x)  can  be 
substituted  into  (35)  to  find  B and  compare  the  values  obtained  with 

' t ' 

the  curve  of  Figure  49.  However,  it  is  simpler  to  substitute  the 
values  taken  from  the  curve  of  Figure  50  into  the  parametric 
relations  (28)  and  (29) » from  which  (35)  was  obtained,  and  find  the 
values  of  z and  r for  different  time  intervals.  From  the  values 
of  z and  r,  we  can  draw  the  contour  of  the  collapsing  liner  at  any 
instant  of  time.  The  angle  between  the  liner  contour  and  the  axis 
determines  the  value  of  the  angle  B corresponding  to  the  liner 
element  located  at  the  given  instant  of  time  on  the  axis.  As  an 
illustration.  Figure  51  shows  the  collapsing  liner  contour  in  a 
particular  case.  We  see  from  this  figure  that  the  liner  element 
01,  located  originally  near  the  apex  of  the  conical  liner,  as  a 
result  of  collapse,  has  split  into  two  parts,  one  of  which  (0",  1") 
entered  the  slug  and  the  other  (0f”,  l"*)  — the  jet,  A liner  element 
located  some  distance  from  the  apex  (cross  hatched)  as  a result  of 
collapse  has  moved  somewhat  toward  the  axis  and,  together  with  the 
neighboring  elements,  forms  the  contour  of  the  collapsing  part  of 
the  liner.  In  Figure  52,  the  circles  indicate  the  values  of  B 
found  graphically  and  the  solid  line  shows  the  dependence  of  B on 
x,  obtained  experimentally  by  determining  the  slug  mass.  The 
agreement  of  the  results  is  better  than  could  be  expected  on 
the  basis  of  experimental  accuracy. 

It  is  easy  to  see  why  it  appears  that  an  after jet  forms.  The 
collapse  velocity  of  the  liner  elements  located  near  the  apex 
decreases  very  slowly,  just  as  indicated  by  the  steady  state  theory; 
but  as  the  wave  approaches  the  base,  the  velocities  begin  to  decrease 
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Figure  51.  Illustration  of  graphical  solution  method. 

Positions  of  liner  elements  0,  1,  F,  slug  elements,  and  jet  elements 
calculated  for  an  arbitrary  instant  of  time.  The  values  of  V„  and- 
5 were  determined  from  the  relations 

The  position  of  an  element  which  has  not  yet  reached  the  axis, 

-such  as  element  9 ~~  10  (hatched),  is  determined  by  the  product  of 
vu  by  the  time  elapsed  from  the  instant  the  detonation  wave; passed 
through  the  element . To  determine  the  thickness  of  any  element  of 
the  collapsing. liner , it  is  sufficient  to  apply  the  mass  conserva- 
tion law.  For  elements  such  as  0 — 1,  which  has  already  reached 
the  axis  at  the  considered  time  and  split  into  a jet  and.  a slug,-  the 
time  since  their  arrival  at  the  axis. at  0'  and  1',  respectively, 
is -determined  simply ; the  velocity  of  the  jet  element  is  known  and 
that  of  the  corresponding : slug  element  can  be  calculated y thus , the 
positions  0"  and.  1"  of  the  slug  elements  and  0"’  and  1’";  of  the  jet 
elements  are  determined.  TTo  determine  the  jet  and  slug  diameters, 
it  is  necessary .to  know  the  distribution  of  liner  mass  between  the 
jet  and  slug,  i It  is  obtained  from  the  relation 


The  angle  between  the  axis  and  the  tangent  to  the  centerline  of  the 
collapsing  liner; is  the  angle  0. 

mu'ch  more  rapidly.  As  a result  of  this,  it  appears  that  the  jet  is 
issuing  from  the  - slug  long  after ' the  completion  of  the  collapse 
process.  However,  the  experimental  data  do  not  indicate  any  justi- 
fication for  dividing  the  phenomenon  into  two  harts.  in  fact,  it 
is  strange  that,  in  the  jet  with  nonlinear  variations  of  m,  8,  and 
Vo  with  x (see  curves  in.  Figures  il 3 , 49 , and  50) , uniform  mass 
distribution  and  linear  velocity  distribution-  are  obtained , The 
mass -5f  the  liner  elements  and  the  corresponding  ar.gic  8 increase 
from1  the  cone  apex  toward  the  base.  Consequently,  we  car.  expect- 
that  the  front -parts  of  the. jet  contain  far  less  mass  than  the  rear 
parts,  i.e.  , the  diameter  of  the  front  part  of  the  jet  is  far 
smaller  than  that  of  the  rear  parts  however,  the  liner  collapse 
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Figure  52.  Comparison  of  results 
obtained  by  graphical  solution  of 
the  parametric  equations  and 
experimental  determination  of 
slug  mass. 

- experimental  curve;  0- 

graphical  solution. 


velocity  near  the  base  decreases 
quite  rapidly  and  it  appears  that 
a uniform  rate  of  mass  entry  into 
the  jet  is  obtained.  The  curve 
of  uniform  entry  of  mass  into  the 
jet  is  shown  in  Figure  47,  the  lin 
Figure  53* 


Figure  53.  Position  of  jet 
elements  50  microseconds  after 
detonation  wave  passage  through 
cone  apex  as  function  of  velocity 

The  data  shown  were  obtained  with 
the  aid  of  a large  number  of 
different  targets  located  at 
various  distances. 

?r  velocity  gradient  is  shown  in 


The  method,  illustrated  in  Figure  51,  can  be  used  to  show  the 
process  of  jet  formation  and  liner  conical  collapse  (see  Figure  54). 

The  results  of  calculation  using  this  technique  can  be  compared 
with  the  pictures  obtained  by  flash  radiography  (see  Figure  9). 
Although  the  pictures  were  obtained  for  charges  of  a different  type 
than  shown,  the  agreement  of  the  calculations  and  observations  is 
very  good. 

The  data  shown  in  Figure  53  were  obtained  from  additional 
experiments  which  were  not  required  to  verify  the  theory.  These 
experiments  were  made  with  targets  of  differing  thickness  and 
different  material,  located  at  various  differences  from  the  charges. 
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Figure  54.  Various  stages  of 
charge  liner  collapse. 

a-  2.5  microseconds b-  5 
microseconds ; c-  10  micro- 
seconds; d-  15  microseconds 
after  detonation  wave  passed 
the  cone  apex. 


They  <•  on  firm  'he  ass..:  mu'  I *•:.  .... 

during  target  persetrnr  - on , 
jet  elements  an  not  .intent**  a ■ 
•clably  with  each  other* . ' Th<-  da.  a 
were  obtained  using  a rotating 
mirror*  camera  similar  to  that  used 
in  obtaining  the  photograph  saewn 
in  Figure  iJba. 


In  our  experiments,  we  d 


not 


make  use  of  the  fact  that  the  horizontal  distance  between  the  po i n 
of  jet  entry  into  the  target  (at  this  point  the  jet  trace  in 
Figure  46a  disappears)  and  the  point  of  jet  emergence  from  the 
target  also  determines  the  time  required  for  target  penetration 


If  we  assume  that  the  velocity  of  the  element  located 


the 


front  of  the  jet  emerging  from  the  target  does  not  change  as  it 
passes  through  the  target  material,  we  can  calculate  the  position. of 
this  element  at  any  instant  of  time.  By  varying  the  target  thickness, 
•we.  can  select  different  elements  traveling  at  different  velocities 
to  oe  at  the  front  of  the  emerging  part  of  the  jet.  Thus  .'•••It  is 
possible  to  determine  the  position  of  any  element  at  any  instant  of 
time.  Figure  53  shows  the  locations  of  the  jet  elements  50  micro-, 
seconds  .after  the  jet  front  passed  through  the  base  plane*  of  the 
original  liner.  The  agreement  between  experimental  data  obtained 
with  charges  located  at.  various  distances  from  the  target  indicates 
that  the  Jet  element  velocities  do  not  change  iri  iVg*  on  nitration 
process.  The  agreement  between  data  of  experiment  ;.  with  targets  of 
different  materials  indicates  that  adjacent  elements  do  not  have 
any  marked  influence  on  one  another  in  the  penetration  process.  Tt 
Is  obvious  that  these  assumptions  cannot  be  completely  true.  The 
experimental  evidence  only  shows  that  neither  the  frictional  resis- 
tance of  the  air  nor  the  elastic  or  plastic  stresses  within  the 
jet  are  great  enough  to  noticeably  affect  the  velocities  of  '.lie  jut 
elements.  If  the  jet  travels  a distance,  of  12.2  meters  or  more, 
the  air  resistance  increases,  primarily  because  the  jet  breaks  down 
into  particles.  As  long  as.  the  jet  is  continuous,  • the  air  resistance 
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has  very  lit:. 'o  effect  on  tie  velorplt  i;-r.  or'  ’ <•  i. 

has  not  been  possi  bl>  to  dot  set  :my  sh’.nge  3n  "h*  J- 
I n the  1*1  rst  0 . 6 1.  n^-n-er’  cf  the  jet  trawl  , 1 .:•••  . * in.  ./• 
recorded  by  t?w '■rotating  mi  rrorv  camera  . - c t!,*-  t tre  v 
,i  istanco  i u noi.  curve**!. 


Thus,  t.  experimental  evidence  ccrii'i  rms  tv*:-,  i that  J 

i.'d:  '-harries  with  lined  b~.nl  ea  1 cavil  tabes  ;;  ! i • ■ in 

a continuous  process  and  that  this  -process  Is  analogous  -to  the 
'hydrodynamic  proems:;.  on  the  basis  of  which  we  prev  ious  ly  ' exp  !»a  lued 
tiit  formation  of  only  the  front  parts  of  the  Jets.  .'The-  assumption  . 
used  in  the  first  variant  of  the  theory,  that  the  -entire?'  'phenomenon 
is  steady  state  in  an  appropr lately  selected  coordinate  •system, 
permits  us  to  explain  the  formation  of  only  the  first  part  of  • i,.-. 
jet  and  we  cannot  explain  the  formation  of  the  afterjet.  in-ev  iousiy , 

the  formation  of  the  afterjet  had  to  be  explained  in  some  other  ■ 

way.  As  we  would  expect,  the  existence  of  a velocity  -".radi  ••n*.  along  _ 

the  length  of  the  jet  naturally  follows  from  the,-,  new  theory..  Iv 

appears  that  the  f irst  variant  of  t he  theory  can  be  used  t.o  •design  . 
■charges  with  constant  liner  collapse  velocity,  but  then  there  will 
not  be  any  velocity  gradient  along  the  jet , i the  jet  will  no: 
lengthen  and,  consequently,  the  penetrating  ab 3 1 it y of  the  jot  will 
be'  less  than  one  fifth  the  actual  value.  The  experiments  show  what 
the  charge  design  shown  ' in  Figure  M is:  very  fortunate  In  the  s^rise. 
that,  v:h6n  it.  is  fired,  a jet.  is  formed .with' t he  roqul  red  w]oei  cy  . 
gradient  which  provides,  both  uniform  entry  of  mass  Into-J.hr  final 
jot  and  linear  velocity  distribution  in  the  jet. 
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